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Two Novel IL-1 Family Members, IL-1S and IL-le, Function 
as an Antagonist and Agonist of NF-kB Activation Through 
the Orphan IL-1 Receptor-Related Protein 2 1 

Reno Debets, Jackie C. Timans, Bernhard Homey, Sandra Zurawski, Theodore R. Sana, 
Sylvia Lo, Janet Wagner, Gina Edwards, Teresa Clifford, Satish Menon, J. Fernando Bazan, 
and Robert A. Kastelein 2 

IL-1 is of utmost importance in the host response to immunological challenges. We identified and functionally characterized two 
novel IL-1 ligands termed IL-15 and IL-le. Northern blot analyses show that these IL-ls are highly abundant in embryonic tissue 
and tissues containing epithelial cells (i.e., skin, lung, and stomach). In extension, quantitative real-time PCR revealed that of 
human skin-derived cells, only keratinocytes but not fibroblasts, endothelial cells, or melanocytes express IL-1 5 and e. Levels of 
keratinocyte IL-15 are -10-fold higher than those of IL-le. In vitro stimulation of keratinocytes with EL-10/TNF-a significantly 
up-regulates the expression of IL-le mRNA, and to a lesser extent of IL-15 mRNA. In NF-KB-luciferase reporter assays, we 
demonstrated that IL-15 and e proteins do not initiate a functional response via classical IL-1R pairs, which confer responsiveness 
to IL-la and fi or IL-18. However, IL-le activates NF-#cB through the orphan IL-lR-related protein 2 (IL-lRrp2), whereas IL-15, 
which shows striking homology to IL-1 receptor antagonist, specifically and potently inhibits this IL-le response. In lesional 
psoriasis skin, characterized by chronic cutaneous inflammation, the mRNA expression of both IL-1 ligands as well as IL-lRrp2 
are increased relative to normal healthy skin. In total, IL-15 and e and IL-lRrp2 may constitute an independent signaling system, 
analogous to IL-la/3/receptor agonist and IL-1R1, that is present in epithelial barriers of our body and takes part in local 
inflammatory responses. The Journal of Immunology, 2001, 167: 1440-1446. 



Interleukin 1 family members are known to alter the host re- 
sponse to an inflammatory, infectious, or immunological 
challenge (1). The biological activity of IL-1 is tightly con- 
trolled under physiological conditions. The classical IL-1 family 
comprises several ligands (i.e., IL-la, IL-1/3, and IL-1 receptor 
antagonist (IL-lra) 3 (2-4), and surface and soluble IL-1 receptors 
(IL-1RI, IL-1RII, and IL-1R accessory protein (5-7), termed IL- 
1R1, IL-1R2, and IL-1R3 in this paper, respectively, in keeping 
with our previously proposed numbering system (8). IL-1 signal- 
ing is initiated by high-affinity binding of IL-la and 0 to IL-1R1, 
which gets subsequently bound by IL-1R3 (5, 7). This results in an 
intracellular signaling cascade quite similar to stress-induced sig- 
nal transduction (9), with the end effect being activation of NF-kB 
(10). IL-lra and IL-1R2 antagonize the response to IL-la and 0 at 
the ligand and (co)receptor levels (2, 3, 1 1, 12). Numerous studies 
have shown that perturbation of such control contributes to the 
pathogenesis of inflammatory and immunological diseases (i.e., 
leukemia, rheumatoid arthritis, and psoriasis; Refs. 13 and 14)/ 

Recently, new members of the IL-1 family were identified based 
on both sequence homology and the presence of key structural 
patterns. For example, IL-18 (15, 16) is predicted to fold as a 
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/3-rich trefoil, typical for IL-1 ligands (17). Moreover, with respect 
to processing, receptor usage, and signaling, IL-18 can be classi- 
fied as an IL-1 family member (i.e., IL-ly, Refs. 18-23). In ad- 
dition, new IL-1 ligands have been identified that show strong 
structural similarities to IL-lra (24-29). To date, the expression 
and especially the receptor usage and function of these IL- lra-like 
IL- 1 ligands have only been characterized to a limited extent. At 
the IL-1 receptor level, there also exist additional IL-lR-like mol- 
ecules. Many of these molecules are currently orphan receptors, 
such as T1/ST2 (termed IL-1R4; Refs. 30 and 31), IL-lR-related 
proteins 1 (IL-1R5; Ref. 32) and 2 (IL-1R6; Ref. 33), IL-1R ac- 
cessory protein ligand (IL-1R7; Ref. 18), single Ig domain IL-lR- 
related protein (IL-1R8; Ref. 34), IL-1R accessory protein-like 
(IL-1R9) (35), and IL-1R10 (36), all harboring extracellular Ig- 
folds and an intracellular domain homologous to the cytosolic part 
of the Drosophila Toll protein. It is interesting to note that the 
majority of the IL-1 ligands (i.e., IL-la/3/ra and some IL-lra-like 
IL-1 ligands) and IL-IRs (i.e., IL-1R1, IL-1R2, IL-1R4, IL-1R5, 
IL-1R6, and IL-1R7) are clustered and localized to chromosome 2 
(18, 25, 28, 37-40). 

The presence of several orphan IL-IRs suggests the existence of 
additional corresponding IL-1 ligands. In line with recent reports 
(24-28), we have independently identified two novel IL- 1 ligands 
based on sequence homology with IL-lra, which we termed IL-18 
and IL- 1 e. IL-15 corresponds to the reported sequences of IL 1 Hy 1 
(24), FIL1S (25), murine IL1H3 (26), IL-1RP3 (27) and IL-1L 
(28), whereas IL-le corresponds to IL1H1 (26) and IL-1RP2 (27). 
These novel IL-ls are strongly expressed in embryonic tissue and 
epithelial celts, such as skin keratinocytes. The expression of IL- 
le, and to a lesser extent of IL-15, is significantly up-regulated in 
IL-lj3/TNF-a-stimuIated human keratinocytes. Human IL-15 and 
IL-le proteins do not activate NF-kB through the classical IL-IRs, 
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i.e., the IL-IRs used by IL-la and /3 (IL-1R1 and IL-1R3) or IL-18 
(IL-1R5/IL-1R7). Instead, IL-le activates this transcription factor 
via IL-1R6, and this response is potently and specifically antago- 
nized by IL-15. Lesional psoriasis skin shows a substantially in- 
creased expression of both the IL-1 ligands as well as their IL-1R. 
IL-15 and e and IL-1R6 probably constitute an independent sig- 
naling system, present in epithelial barriers of our body, which 
may take part in local inflammatory responses. 

Materials and Methods 

Biological reagents and cell culture 

Recombinant human IL-la, IL-1/3, IL-4, IFN-y, and TNF-a were provided 
by R&D Systems (Minneapolis, MN). Recombinant human IL-18 and IL- 
lra were produced at DNAX Research Institute of Molecular and Cellular 
Biology (Palo Alto, CA). The Q293 and 293-T cell lines were maintained 
in DMEM supplemented with 5% FBS, 0.3 mg/ml L-glutamine, 100 U/ml 
penicillin G, and 100 /xg/ml streptomycin (Life Technologies, Paisley, 
U.K.). Human primary epidermal keratinocytes, dermal fibroblasts, dermal 
microvascular endothelial cells, and melanocytes (Clonetics, San Diego, 
CA) were cultured in specialized growth medium according to the suppli- 
ers recommendations. The Jurkat E6.1 cell line was maintained in RPMI 
1640 medium supplemented with 10% FBS, glutamine, and antibiotics. 

Cloning of human and mouse IL-18 and IL-l€ 

BLAST searches in the public mouse expressed sequence tag (EST) data- 
base with the common portion of murine IL-lra revealed EST mb49bl l.rl 
(GenBank accession no. W08205). The insert contained the full-length 
sequence of a novel IL-l-like molecule, designated IL-1S. With this mouse 
sequence as a query, a human EST (5120028H1), derived from RNA from 
bronchial smooth muscle cells, was found in our proprietary Incyte data- 
base (Palo Alto, CA) that contained the full-length open reading frame of 
the human ortholog of mouse IL- 1 5. The same query sequence revealed an 
additional EST mi08cl0.rl in the public mouse database (GenBank acces- 
sion no. AA030324), which contained partial sequence of a second novel 
IL-1 -like molecule, designated IL-le. The full-length sequence of murine 
IL-U was obtained by extending the 5' sequence by PCR on murine 17- 
day-old embryo Marathon-Ready library cDNA (Clontech, Palo Alto, CA). 
Separately, a Hidden Markov Model HMMer search (http://hmmer. 
wusU.edu/) with a PFAM alignment of IL-la, IL-1/3, and IL-lra 
(http://pfam.wustl.edu/) revealed an EST (HAICR08) derived from RNA 
from epithelial cells in the Human Genome Sciences database (Rockville, 
MD) that contained the full-length open reading frame of human IL-U. 

A multiple alignment of these novel IL-1 sequences and published IL-1 
sequences was created using CLUSTALW (41), guided by tertiary struc- 
tures and predicted secondary structures (with a consensus derived from 
several algorithms at http://circinus.ebi.ac.uk: 8081 /submit. html), and re- 
fined by eye. Conserved alignment patterns were drawn by Consensus 
(http://www.rjork.embI-heideIberg.de/Ahgnment/consensus.htrrd Evolution- 
ary tree analysis was performed with a neighbor-joining algorithm and 
viewed with Tree View 1.5 (http://taxonomy.zoology.gla.ac.uk/rod/treeview. 
html). 

Protein expression and purification of human IL-18 and IL-le 

Adenoviral vectors containing full-length human IL-18 and IL-le se- 
quences were constructed by PCR and used to transfect Q293 packaging 
cells. Viruses were subsequently purified, with all procedures according to 
the manufacturer's protocols (Invitrogen, Carlsbad, CA). Q293 cells (5 X 
10 8 ) were infected (adenoviruses used at 10 multiplicity of infection) and 
incubated for 5 days in a cell factory in a total volume of 1 L of serum-free 
CMF-I medium (Life Technologies). Culture medium was dialyzed (Spec- 
tra/Por membrane tubing; molecular mass cut-off, 6-8 kDa; Spectrum 
Laboratories, Rancho Dominguez, CA) against 50 mM Tris-HCI, pH 8.0, 
and 1 mM EDTA, and subsequently passed through hitrap Q Sepharose and 
heparin columns. The flow-through, containing the IL-1 proteins, was ster- 
ile-filtered and concentrated -70 times with an Amicon 8400 ultrafiltration 
cell with a 10-kDa molecular mass cut-off membrane (Millipore, Bedford, 
MA). The samples were dialyzed against PBS, and the protein content was 
quantified by PAGE and Coomassie blue staining with lysozyme as a stan- 
dard. Protein identities were confirmed by N-terminal sequencing. Identi- 
cally treated culture medium of Q293 cells infected with adenovirus en- 
coding green fluorescent protein served as a negative control. Endotoxin 
levels were determined by using the Limulus amebocyte lysate assay (Bio- 
Whittaker, Walkersville, MD) and were <1.5 EU/100 /ig protein. Protein 
samples were stored at 4°C. 
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Expression plasmids 

Plasmids encoding full-length human Rl, mouse R3, mouse R4, human 
R5, and human R7 sequences were constructed by inserting PCR-generated 
cDNA fragments into pME18S (42). Human IL-1R6 cDNA, a generous 
gift of Dr. R.A. Maki (Neurocrine Biosciences, San Diego, CA), was sub- 
cloned directly into pME18S. The reporter gene plasmid pNF-*cB-Luc 
(Stratagene, La Jolla, CA) contains five NF-kB sites and a basic promoter 
element to drive luciferase expression, and pRSV-pGal results in consti- 
tutive expression of /3-galactosidase. 

Northern blots 

Mouse Northern blots containing ~2 ptg of poly(A) + RNA per lane, de- 
rived from either total embryo at different days postgestation (Clontech) or 
from various adult tissues (Origene Technologies, Rockville, MD), were 
hybridized to the mouse IL-1S and IL-le cDNA probes containing the 
complete open reading frames. Probes were labeled with 32 P by using the 
Redivue labeling kit (Amersham Pharmacia Biotech, Uppsala, Sweden). 
Prehybridization, hybridization, stringency washes, and stripping were 
conducted according to the manufacturer's protocols. Membranes were ex- 
posed to a phosphorimager. 

Quantitative real-time PCR 

A panel of various human skin-derived cells, i.e., primary epidermal ker- 
atinocytes, dermal fibroblasts, dermal microvascular endothelial cells, and 
melanocytes, as well as skin biopsies and PBMC were used for TaqMan- 
PCR analyses. Skin-derived cells were left untreated or were treated with 
IL-4 (50 ng/ml), IFN-y (20 ng/ml), or a combination of IL-1/3 (5 ng/ml) 
and TNF-a (10 ng/ml) for 18 h before RNA isolation. Biopsies from le- 
sional psoriasis skin and normal healthy skin were kindly donated by Dr. 
T. Ruzicka (Department of Dermatology, University of Dusseldorf, Ger- 
many) and homogenized before RNA isolation. PBMC from a healthy 
donor, prepared by standard protocols, stimulated with and without PHA 
served as controls. RNA isolation, cDNA synthesis, and PCR were per- 
formed as described elsewhere (43). The amplicons for human IL-15 (nt 
17-90, with numbers starting at first methionine codon), human IL-U (nt 
337-409), and human IL-1R6 (nt 1378-1448) were analyzed with 6-car- 
boxy-fluorescein-labeled probes. 18S RNA quantities were measured with 
a VIC-labeled probe and served as internal controls to normalize for the 
total amount of cDNA. Values are expressed as fg/5 ng total cDNA. 

Reporter assay 

Jurkat E6.1 cells (4 X 10 6 ) were transiently transfected with pNF-KB-Luc 
reporter gene plasmid, pRSV-/3Gal plasmid, and IL-lR-encoding cDNA 
plasmid(s) as described previously (43). Twenty hours after transfection, 
cells were stimulated with 20 ng/ml of human IL-la, IL-1/3, IL-18, or 
IL-lra, or 50 ng/ml human IL-18 or IL-le for 6 h. Cells were lysed with 
reporter lysis buffer (Promega, Madison, WI), and luciferase and 0-galac- 
tosidase activities were assessed with luciferase assay reagent (Promega) 
and Galacto-Light Kit (Tropix, Bedford, MA), respectively. Luciferase ac- 
tivities (in RLU) were normalized on the basis of /3-galactosidase activities. 
For inhibition studies of IL-1 Rl -mediated activation of NF-kB, IL-la was 
used at 50 pg/ml in the presence of IL-lra and IL-15 at concentrations 
ranging from 10 pg/ml to 10 jig/ml. Inhibition of the IL-lR6-mediated 
response was analyzed with IL-le used at 50 ng/ml and IL-1 6 or IL-lra at 
concentrations ranging from 64 pg/ml to 10 fig/ml. 

Results 

IL-18 and e were identified computationally 

Computational analyses led to the discovery of two novel IL-1 
ligands: IL-1 6 and IL-le. In short, the strategies used both homol- 
ogy-based and probabilistic-based (HMMer) searches (see Mate- 
rials and Methods for details). The sequences, and a comparison 
with the previously known IL-1 family members, are given in Fig. 
I A. Fig. 15, the corresponding dendrogram, shows evolutionary 
relationships. 

IL-18 and IL-le messenger RNA are highly expressed in 
embryonic tissue and in epithelial cells 

Northern blot analyses show that IL-15 and IL-le are expressed in 
embryonic tissue and tissues containing epithelial cells (i.e., stom- 
ach and skin; Fig. 2). Quantitative PCR analyses on a large panel 
of mouse and human tissue cDNAs (including various lymphoid 
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FIGURE 1. Typical IL-l-Iike structural patterns are conserved in IL-15 and IL-le. A, Sequence alignment of mature IL-1 sequences: human IL-1 a starts 
at LI 19 (GenBank accession no. AAA59134), human IL-1/3 starts at Al 17 (AAA59135), human IL-18 starts at Y37 (BAA08706), and human IL-lra starts 
at C25 in the common region (CAA36262). Human IL-15 and IL-U both start at their first M. The 12 0-strands, typical for IL-1 ligands, are depicted by 
arrows numbered from 01 to 012. The /3-strands are boxed according to known (i.e., human IL-1/3 and IL-lra; Refs. 50 and 51) and predicted secondary 
structures. Lines above the alignment indicate residues of human IL-1/3 that interact with IL-1R1 (sites A and B as in (51), in black and red, respectively). 
The asterisk indicates a residue, which together with the loop region between )34 and )35, is crucial in determining antagonist activity in IL-lra (49, 52). 
The amino acid coloring scheme depicts chemically similar residues: green (hydrophobic); red (acidic); blue (basic); yellow (C); orange (aromatic); black 
(structure breaking); and gray (tiny). Diagnostic sequence patterns for IL-ls were derived by CONSENSUS at a stringency of 70%. Symbols for amino 
acid subsets are as follows: o, alcoholic; 1, aliphatic; dot, any amino acid; a, aromatic; c, charged; h, hydrophobic; -, negative; p, polar; + , positive; s, 
small; u, tiny; and t, turnlike. B, Evolutionary dendrogram of IL-ls. Sequence data for human and mouse IL- 1 5 are available from GenBank under accession 
nos. AF230377 and AF230378, respectively; sequence data for human and mouse IL-U are available under AF206696 and AF206697, respectively. 
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FIGURE 2. IL-15 and IL-U messenger RNA are highly expressed in 
embryonic tissue and in tissues containing epithelial cells. Northern blot 
analyses of mouse IL-15 and IL-le messenger RNA expression in embry- 
onic tissues at different days postgestation and in different adult tissues. 
Multiple tissue blots containing -2 /ig po!y(A)+ RNA per lane were 
hybridized to the IL-15 and IL-le cDNA probes. Molecular weight RNA 
sizes in kilobases are indicated. See Materials and Methods for details. 



organs, kidney, heart, lung, brain, liver, organs of the digestive 
tract, reproductive organs, and skin) confirmed these findings. 
Messenger RNA expression in lung tissue appears to be unique to 
IL-15 (Fig. 2). It should also be noted that IL-15 mRNA analysis 
shows the presence of multiple variants. More in-depth studies, 
based on quantitative PCR, revealed that in skin, keratinocytes but 
not fibroblasts, endothelial cells, or melanocytes are the main pro- 
ducers of IL-15 and IL-e (Fig. 3). In vitro-cultured keratinocytes 
contained MO-foId more IL-15 mRNA relative to IL-le mRNA. 
Stimulation with IL-4 or IFN-y hardly affected the expression lev- 
els of IL-15 and e mRNA, whereas stimulation with a combination 
of IL-1/3 and TNF-a resulted in an enormous increase in the ex- 
pression of IL-le mRNA and to a lesser extent of IL-15 mRNA 
(Fig. 3). 



IL-18 and IL-le do not activate NF-kB through classical IL-IRs 

The ability of the novel IL-ls to initiate I L-1R- mediated signaling 
was studied via an NF-KB-dependent reporter assay with ligand- 
stimulated Jurkat T cells transiently transfected with different pairs 
of IL-lRs. The R1/R3 combination, conferring responsiveness to 
IL-1 a and IL-1/3 (5, 44), did not generate a response to IL-15 or 
IL-le. Also, the R5/R7 combination, required to mediate a re- 
sponse to IL-18 (18, 43), did not result in signaling on addition of 
the novel IL-1 ligands (Fig. 4A). The next step was to test the 
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FIGURE 3. Keratinocytes are the main source for IL- 1 5 and IL- 1 e mes- 
senger RNA in skin tissue. A panel of human cDNAs from various skin- 
derived cells were analyzed for expression levels of human IL-15 and 
IL-U by the Flurogenic 5'-nuclease PCR assay. The novel IL-ls were 
analyzed by FAM -labeled probes. Expression levels were normalized to 
reverse-transcribed 18S RNA quantities and expressed as fg/5 ng total 
cDNA. Cells were left untreated or treated with different cytokines for 18 h 
as indicated before RNA was isolated. See Materials and Methods for 
details. 
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orphan IL-lR-like molecules IL-1R4 and IL-1R6 (classified as po- 
tential ligand-binding receptors based on their homology to IL- 
1R1; Ref. 36) paired with various other IL-lR-like molecules, i.e., 
IL-1R3, IL-1R7, IL-1R9, and IL-1R10 (classified as potential sig- 
naling receptors based on their homology to IL-1R3; Ref. (36) for 
their capacity to confer responsiveness to IL-15 and IL-U. Data 
consistently showed an IL-1R6- mediated activation of NF-kB 
upon stimulation with IL-U, but not IL-15 or the mock control 
(Fig. 4B). 



IL-18 specifically and very potently antagonizes the IL-1R6 
response to IL-le 

In line with the striking similarity between IL-15 and IL-lra, we 
tested the possibility of IL-15 being an antagonist of IL-1 re- 
sponses rather than being an IL-1 agonist. With the same reporter 
assay with IL-lR-transfected Jurkat T cells, we showed that IL- 
lra, but not IL-15, is able to antagonize the IL-1R1 -mediated ac- 
tivation of NF-kB on stimulation with IL-1 a (Fig. 5A). Vice versa, 
IL-15, but not IL-lra, is able to antagonize the IL-lR6-mediated 
activation of NF-kB on stimulation with IL-le (Fig. SB). Impor- 
tantly, IL-lra shows a 50% inhibition of the IL-lRl-mediated re- 
sponse to IL-Ia at about a 1000-fold excess over IL-la, whereas 
IL-15 results in a similar inhibition of the IL-lR6-mediated re- 
sponse to IL- 1 € at concentrations similar to or even less than IL-le. 



[Iigand] in ng/ml 

FIGURE 4. A, IL- 1 5 and IL- 1 € do not activate NF-kB through classical 
IL-lRs. Jurkat cells (4 X 10 6 ) were transfected with 2 /ig of pNF-KB-Luc 
reporter gene plasmid, 0.5 ^tg of pRSV-)3Gal plasmid, and 4 /tg of each 
IL-1R plasmid (in pME18S, all human, except mouse IL-1R3 plasmid) as 
indicated. Twenty hours after transfection, cells were left untreated or were 
stimulated for 6 h with human IL-1 ligands (20 ng/ml final, except IL-15 
or IL-U, which is used at 50 ng/ml final). Luciferase activities were de- 
termined and normalized on the basis of /3-gaIactosidase activities. Single 
receptors did not give any luciferase response. Data shown are from one of 
two independent experiments with similar results. B, IL-U, but not IL-15, 
activates NF-kB through IL-IR6. See A for details. Jurkat cells were trans- 
fected with 0.5 jig of human IL-1R6 plasmid (in pME18S). Twenty hours 
after transfection, cells were left untreated or were stimulated for 6 h with 
human IL-1 8 or IL-U at different concentrations. Mock protein control for 
human IL-1 5 and IL- 1 e gave a luciferase response similar to medium only. 
Data shown are from one of three independent experiments with similar 
results. 



IL-18 and € and IL-IR6 levels are substantially up-regulated in 
lesional psoriasis skin 

In lesional psoriasis skin, characterized by chronic cutaneous in- 
flammation, the expression of the novel IL-1 ligands, IL-15 and 
IL-U, and IL-1R6 are all significantly increased relative to skin 
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FIGURE 5. IL-15 specifically antagonizes the I L- 1 R6- mediated re- 
sponse to IL-le. A, IL-lra, but not IL-1 5, antagonizes the IL-lRl-mediated 
response to IL-Ia. See legend to fig. 4A for details. Jurkat cells were 
transfected with 0.5 ^g of human IL-1R1 plasmid. Twenty hours after 
transfection, cells were left untreated or were stimulated for 6 h with hu- 
man IL-1 a at 50 pg/ml final concentration with or without human IL-lra or 
IL-15 at final concentrations ranging from 10 pg/ml to 10 jig/ml. Antag- 
onist only (i.e., IL-lra or IL-15) and mock protein controls, even at high 
concentrations, did not give any luciferase response. Data shown are from 
one of two independent experiments with similar results. B, IL-1 5, but not 
IL-lra, antagonizes the lL-lR6-mediated response to IL-le. Jurkat cells 
were transfected with 0.5 /xg of human IL- 1 R6 plasmid. Twenty hours after 
transfection, cells were left untreated or were stimulated for 6 h with hu- 
man IL-le at 50 ng/ml final with or without human IL-15 or IL-lra at final 
concentrations ranging from 64 pg/ml to 10 /xg/ml. Antagonist only and 
mock protein controls, even at high concentrations, did not give any lu- 
ciferase response. Data shown are from one of three independent experi- 
ments with similar results. 



from a healthy individual (Fig. 6). The increase is most prominent 
for IL-le, in line with in vitro-cultured keratinocytes stimulated 
with the pro-inflammatory cytokines IL-l/3/TNF-a (Fig. 3). Acti- 
vation of PBMC also leads to increased levels of both IL- 1 ligands 
and their receptor, albeit to a lesser extent than observed in lesional 
psoriasis skin. 
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FIGURE 6. Expression of both IL-15 and IL-le and IL-1R6 are in- 
creased in lesional psoriasis skin. Biopsies from lesional psoriasis skin (PP) 
and normal healthy skin (NN) and PBMC from a healthy donor stimulated 
with and without PHA were analyzed for expression levels of human IL- 
I5e and IL-1R6 by the Flurogenic 5 '-nuclease PCR assay. See Fig. 3 for 
details. 



Discussion 

This paper describes the discovery of two novel members of the 
IL-1 family, termed IL-15 and IL-le. Several recent studies have 
reported on the cloning and molecular characterization of IL-15 
and IL-le (24-28). However, the present study is the first to report 
on the expression in human skin-derived cell types, receptor usage, 
and initial functional characterization of IL-15 and IL-le. 

The structurally aided alignment of both the novel and classical 
IL-ls in Fig. \A shows the conservation of the core 12 j3-strands, 
making up the /3-trefoiI structure. The presented sequence of hu- 
man IL-15 protein is identical with the reported sequences of 
ILlHyl (24), FIL15 (25), IL-1RP3 (27), and IL-1L (28). At the 
amino acid level, human IL-15 and IL-lra show a high degree of 
similarity, which is confirmed by the evolutionary tree analysis 
(Fig. 15). With respect to IL-le, the presented sequence is iden- 
tical with the sequences of IL1H1 (26) and IL-1RP2 (27). It is 
interesting to note that several public mouse ESTs exist, mostly 
derived from tongue epithelium, with only slight variations relative 
to the IL-le sequence. In addition, FILle (25) also shows a very 
high similarity to the human IL-le sequence presented in this pa- 
per (i.e., 51%). How these IL-le variants are generated and their 
biological significance remain unclear. 

IL-15 and IL-le are strongly expressed in embryonic develop- 
ment and in tissues such as stomach, lung, and skin (Fig. 2 and 
PCR analyses on a panel of various tissue cDNAs not shown). 
Lung tissue only showed expression of IL-15 messenger RNA (at 
the Northern blot level), although at the PCR level, expression of 
both IL-15 and IL-le can be detected in lung-derived cDNAs. 
Sizes of the predominant messages for IL-15 are 1.4 and 2.7 kb for 
stomach and skin tissues, respectively, and 2.0 kb for lung tissue. 
Interestingly, IL-15 messenger RNA in lung tissue is reported to 
lack the second exon relative to other tissues (25). In analogy to 
IL-lra, the different IL- 1 5 messages might reflect different (tissue- 
specific) splice variants (2, 45-47). In fact, both IL-15 and IL-lra 
mRNA sequences diverge at the 5' ends because of usage of al- 
ternative first exons (27). A detailed analysis of human skin was 
performed with quantitative PCR analysis on a panel of first-strand 
cDNAs derived from various skin-specific cell types. Keratino- 
cytes, but not fibroblasts, endothelial cells, or melanocytes were 
identified as the major source for IL-15 and IL-le, with levels of 
IL-15 being -10-fold higher than those of IL-le (Fig. 3). In ad- 
dition, Langerhans cells but not skin-homing T cells, freshly iso- 
lated from skin biopsies, showed some expression of IL-15 and e 
(data not shown). In vitro stimulation of keratinocytes with proin- 
flammatory cytokines (i.e., IL-lj3/TNF-a) but not with IL-4 or 
IFN-y significantly up-regulated the expression of IL-le, and to a 
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lesser extent of IL-15 (Fig. 3). Our observations are in line with 
reports on the constitutive and induced expression of keratinocyte 
IL-1 6 and IL-le mRNA (26, 27). Preliminary in situ hybridization 
data using mouse tissue sections confirmed that cells of epithelial 
origin, such as the parietal and chief cells in stomach, and basal 
keratinocytes in skin are the predominant cellular sources of these 
IL-ls (not shown). In addition, esophageal squamous epithelium is 
also reported to express IL-le (27). The presence of IL-l&e in 
epithelial barriers of our body (i.e., skin, digestive, and respiratory 
tracts), suggests that these novel IL-ls fulfill similar roles as their 
known family members (i.e., IL-la and IL-1/3) to promote a re- 
sponse to injury or infection (1, 48). In fact, Kumar and colleagues 
have shown that the epidermal expression of murine IL-le is up- 
regulated in vivo in response to contact hypersensitivity or a viral 
infection (26). 

It is important to note that IL-15 and IL-le neither possess a 
classical leader sequence (as does secreted IL-lra; Ref. 2) nor do 
they possess a distinct pro-form (as do IL-la/3 and IL-18; Refs. 4, 
15, and 16). However, monitoring the presence of C-terminally 
tagged versions of IL-15 and IL-le in the supernatants and ly sates 
of transfected 293-T cells (human epithelial cells) revealed that 
these molecules are secreted as 20-kDa proteins (data not shown). 
This is in agreement with the finding that the human trophoblastic 
tumor cell line JEG-3 is able to secrete IL-15 (28), and argues that 
an alternative mechanism exists to secrete these novel IL-ls. To 
functionally characterize the novel IL-ls, we expressed and puri- 
fied adenovirally derived human IL-15 and IL-le and tested these 
proteins for their capacity to initiate IL-1 signaling, with NF-kB 
activation as a read-out. The observation that IL-1R1/3 and IL- 
1R5/7 do not respond to these new protein preparations (Fig. 4A) 
might be explained by the fact that receptor-ligand combinations 
within the IL-1 system are very specific (43). Therefore, we sub- 
sequently tested the o rphan rece ptors IL-1R4 and IL- 1R6 paired 
y with various other It^lR-like molecules. TfiesTTfudies consis- 
tently showed that IL-1R6 responded to IL-le but not IL-15 in 
activating NF-kB in Jurkat cells (Fig. 45). Even IL-1R6 single 
transfectants showed this response. The IL-1 system, as we know 
it today, typically requires two receptors, a ligand-binding subunit 
and a signaling subunit, to get an IL-1 response (5, 18). Because 
IL-1R6 is very homologous to IL-1R1 (33), a ligand-binding type 
of receptor, we believe that Jurkat cells endogenously express a 
second signaling type of receptor that can pair with IL-1R6 in the 
presence of IL-le. We know that the following IL-lR-like mole- 
cules are expressed by nontransfected Jurkat cells: IL-1R3, IL- 
IR4, IL-1R8, IL-1R9, and IL-1R10 (PCR data, not shown). Co- 
transfection of IL-1R6 with either IL-1R3, IL-1R9, or IL-1 RIO 
does not potentiate the response to IL-le relative to IL-1R6 single 
transfectants (not shown). In addition, studies by others with IL- 
1R1 chimeras and IL- la-mediated activation of NF-kB as a read- 
out do not support a combination of IL- 1 R6 and IL- 1 R8 to mediate 
an IL-1 response (34). The search for the additional IL-le recep- 
tors) is currently ongoing. 

IL-15 is most closely related to IL-lra, and, like IL-lra, lacks 
the loop between the fourth and fifth /3-strands (see Fig. M), which 
is typical for IL-1 agonists: IL-la, IL-I/3, IL-18 and IL-le. In fact, 
insertion of the loop amino acids QGEESN of IL-1/3 confers ag- 
onist activity to IL- 1 ra (49). Therefore, we hypothesized that IL- 1 5 
acts as an antagonist. Indeed, IL-15 is a very potent antagonist of 
the IL-lR6-mediated response to IL-le at a ratio of IL-15:IL-le 
<1 (Fig. 5). Note that the potency of IL-lra to antagonize the 
IL-lRl-mediated response to IL-la is —3 orders of magnitude 
less. The observation by others (25) that their FIL15 and FILle 
proteins do not bind to IL-IR6 is in our opinion not contradictory 
to our findings. Binding studies with partially purified IL-15 and 



IL-le proteins from conditioned medium of transfected cells and 
an Fc fusion of IL-1R6 might not be sensitive enough to show 
binding to these new IL-ls. Moreover, the second receptor might 
actually be needed for affinity conversion and for binding to be- 
come detectable (5, 43). 

IL-15 is a highly specific antagonist of the IL-lR6-mediated 
response to IL-le. For instance, IL-15 does not respond through 
IL-1R1, either as an agonist or antagonist (see Figs. 4 and 5), 
which confirms the reported lack of IL-15 to induce the production 
of IL-6 or inhibit the IL- 1 aj3-induced production of IL-6 by cul- 
tured fibroblasts or endothelial cells (28). Moreover, IL-15 does 
not respond through IL-1R5 because IL-15 does not induce the 
production of IFN-y or inhibit the IL-18-induced production of 
IFN-7 by KG-1 cells (28). In fact, a recently cloned IL-lra homo- 
logue, termed IL-1H (with various isoforms: FILlf (25), IL1H4 
(26), and IL-1RP1 (27)) was shown to bind to IL-1R5 but not 
IL-1R1 (29), and may act as a specific IL-18 antagonist. 

Expression of human IL- 1R6 is restricted to lung epithelium and 
brain vasculature (33). In extension to these findings, we observed 
expression of IL-1R6 mRNA in monocytes and in skin-derived 
keratinocytes, fibroblasts and to a lesser extent endothelial cells. 
With respect to skin cells, IL-1R6 may in fact mediate proliferation 
and production of matrix metalloproteinases in response to IL-le 
(preliminary data, not shown). Activated monocytes also show an 
up-regulated expression of IL-15 and IL-le mRNA that probably 
explains the presence of these IL-ls in activated PBMC (Fig. 6). 
The expression of IL-15 and IL-le, as well as IL-1R6, mRNA are 
all, but most notably IL-le mRNA, highly increased in lesional 
psoriasis skin samples relative to normal control skin samples (Fig. 
6). These data are momentarily followed up, but already confirm 
the involvement of these novel IL-ls in response to skin inflam- 
mation (26) and extend the notion that IL-1 ligands and receptors 
contribute to the pathogenesis of psoriasis (13). 

Taken together, IL-15 and e and IL-1R6 may constitute an in- >/ 
dependent signaling system analogous to IL-la/3/ra and IL-1R1. 
The IL-1R6 system, present in epithelial barriers of our body, as a 
result from the coexpression of IL-15 and IL-le, may be in a de- 
fault off-state. However, perturbation of homeostasis can shift this 
balance to an IL- 1 e-mediated inflammatory or proliferative re- 
sponse, as seen in lesional psoriatic skin. 
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We report here the cloning and characterization of 
four new members of the interleukin-1 (IL-1) family 
(FIL1S, FILle, FIL1& and FILltj, with FIL1 standing for 
"Family of IL-1"). The novel genes demonstrate signifi- 
cant sequence similarity to IL-1 a, IL-1/3, IL-lra, and EL- 
18, and in addition maintain a conserved exon-intron 
arrangement that is shared with the previously known 
members of the family. Protein structure modeling also 
suggests that the FIL1 genes are related to IL-1/3 and 
IL-lra. The novel genes form a cluster with the IL-ls on 
the long arm of human chromosome 2. 



The cytokine interleukin-1 (IL-1) 1 elicits a wide array of 
biological activities that initiate and promote the host response 
to injury or infection, including fever, sleep, loss of appetite, 
acute phase protein synthesis, chemokine production, adhesion 
molecule up-regulation, vasodilatation, the pro-coagulant 
state, increased hematopoiesis, and production and release of 
matrix metalloproteinases and growth factors (1). It does so by 
activating a set of transcription factors that includes NFkB and 
AP-1, which in turn promote production of effectors of the 
inflammatory response, such as the inducible forms of cycloxy- 
genase and nitric oxide synthase (2, 3). Interleukin 1 activity 
actually resides in each of two molecules, IL-la and IL-1/3, 
which act by binding to a common receptor composed of a 
ligand binding chain, the type I IL-1 receptor, and a required 
signaling component, the IL-1R accessory protein (AcP) (4-7), 
A third member of the family, the IL-1 receptor antagonist 
(IL-lra), also binds to the type I IL-1 receptor but fails to bring 
about the subsequent interaction with AcP, thus not only not 
signaling itself but also, by blocking the receptor, preventing 
the action of the agonist IL-ls (8, 9). Additional regulation is 
provided by the type II, or decoy, IL-1 receptor, which binds 
and sequesters the agonist IL-ls (especially IL-1/3) without 
inducing any signaling response of its own (10-13). The two 
agonist IL-ls (IL-la and IL-1/3) are synthesized as larger pre- 
cursors which undergo proteolytic removal of their pro-domains 
to generate the mature cytokines (14). At least for IL-1/3, this 
processing is coupled to secretion (15, 16). IL-lra, in contrast, 
contains a signal peptide and is secreted by the more tradi- 
tional route through the endoplasmic reticulum (9). 
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Recently, another cytokine, interleukin 18 (17, 18) was rec- 
ognized to be related to the interleukin-1 family based on the 
similarity of its amino acid sequence and predicted tertiary 
structure (19). IL-18 induces the production of -/-interferon 
from T cells, especially in combination with IL-12, and stimu- 
lates the killing activity of cytotoxic T lymphocytes and NK 
cells by up-regulating Fas ligand (20). Like the agonist IL-ls, 
IL-18 contains a prodomain that is removed by the same pro- 
tease, caspase-l f that processes IL-1/3 (21, 22). Consistent with 
its being related to the IL-ls, IL-18 binds a receptor which is 
homologous to the IL-1 receptor. The ligand-binding chain IL- 
lRrpl (or IL-18Ra) (23, 24) was cloned initially on the basis of 
its homology to the IL-1R (25). The signaling subunit (IL-18R/3) 
was originally named AcPL (AcP-like) for its similarity to the 
IL-1R signaling subunit (26). The IL-18 receptor subunits are 
encoded in the same gene cluster on chromosome 2 as are the 
type I and II IL-1 receptors (25-27). 

We have searched for novel members of the IL-1 family. We 
report here the sequences and some of the characteristics of 
four genes that appear to have descended from the same com- 
mon ancestor as did IL-la, IL-1/3, IL-lra, and IL-18. We pro- 
pose that these novel molecules be designated FIL15, -e, and 
-tj, with FIL1 being an acronym for Family of IL-1 . 

EXPERIMENTAL PROCEDURES 
Cloning of Novel Human IL-1 Family Members 

The following details supplement the general descriptions given un- 
der "Results" for the cloning of the individual ILl family members. 

FIL18 — A 469-base pair single-stranded 32 P-labeled PCR product 
spanning the entire mouse FIL15 coding region (found in GenBank™ 
W08205) was used to probe a human placenta cDNA library (in AUni- 
ZAP XR; Stratagene number 937225) (hybridization in 40% formamide 
at 42 °C; wash in 0.3 M NaCl at 55 °C). Several clones were isolated, all 
of which appeared to lack the full open reading frame by comparison 
with mouse FIL1S. Vector- anchored PCR on DNA from the same library 
was used to isolate the remaining coding sequence. 

FILle — A human genomic library (Stratagene catalog number 
946205; in AFixII) was screened using a 32 P-labeled single-strand DNA 
probe corresponding to the entire IL-l-like coding sequence present in 
GenBank™ EST AA030324 (hybridization in 45% formamide at 42 °C; 
wash in 0.3 M NaCl at 63 °C). The insert from one positive plaque was 
mapped to locate the hybridizing region, sequencing of which then 
revealed the 3 '-most exon of the human FILle gene. 5.3 kilobases of 
human genomic DNA to the 5' side of this exon was isolated using the 
CLONTECH Human GenomeWalker kit (catalog number K1803-1). 
Sequencing of this DNA allowed identification of the remaining coding 
exons. The structure of the gene was confirmed by isolation of a PCR 
product in which the predicted exons were indeed spliced, using as 
template first-strand cDNA from the cell lines HL60 and THPl, and 
from human thymic tissue. Interestingly, while the original genomic 
DNA sequence coded for glutamine at amino acid 12, cDNA clones from 
all three sources contain arginine at amino acid 12. 

FILir— The FILlf open reading frame was identified in a cDNA 
library made from the pancreatic tumor cell line HPT-4. 

FILlTf—A human genomic DNA sequenced to identify the FILl-q 3' 
exon was obtained using the CLONTECH Human GenomeWalker kit 
(catalog number Kl 803-1). 



This paper is available on line at http://www.jbc.org 
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On some occasions, 
are also given. 


Table I 

PCR primer sequences used for analyzing expression of novel IL-1 family member mRNA 
a second PCR reaction using nested primers was performed for FILlSand FILlc. Cycle numbers and 


annealing temperatures 


Molecule 


Primary 
or nested 


Sense/an ti 


Sequence 


No. cycle 


'S Anneal *C 


FIL15 
FIL15 
FIL15 
FIL15 
FILlc 
FILlc 
FIL1£ 
FIL1£ 
FILIt, 
FILIt, 
FILIt, 
FILIt, 


Primary 

Primary 

Nested 

Nested 

Primary 

Primary 

Primary 

Primary 

Primary 

Primary 

Nested 

Nested 


Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 


GGG AGTCT AC AC C CTGTGG AGCTC AA 

GGAGCTCAAGATGGTCCTGAGTGGGGCGCT 

GCATTCCAGCCACCATTCTCGGGAAGCT 

G AC AC AC CTC AG C AGGGG AG C ATTC AGG 

AACAGCATAGTTAACCCAAAGTCAGTAG 

TGAGATCCTATGTCAGGCTGTGATAGG 

TGCTATGAGATTCCCAGAGTCCAGGACC 

ACATCATGAACCCACAACGGGAGGCAGCAC 

CTCTATCCTGGAACCAGCCACCCACAGC 

CCAAATCCTATGCTATTCGTGATTCTCGAC 

GGATTTATTCCACAGAATCTAAGTAGAAG 


30 
30 
40 
40 
35 
35 


58 
58 
60 
60 
60 
58 



Structure Modeling 

Template sequences for structure modeling were extracted from the 
Protein Data Bank (28). A sequence alignment for the superfamily was 
generated based on that proposed by Bazan et al (19) for the IL-ls and 
IL-18, which appeared valid by examination of both cysteine and real 
versus predicted sheet alignments. Preliminary analysis using the pro- 
gram Gene Fold (29) demonstrated that the experimentally determined 
structures for IL-1/3 (Protein Data Bank designations lhib, 2ilb, liob, 
litb, and 21bi) and IL-lra (Protein Data Bank designations lilr, lira, 
and ilrp) were valid templates for the new IL-1 family members FIL16, 
FILlc, and FILlf. Although the sequence identity of the new IL-l-like 
cytokines is greater to IL-lra, Gene Fold showed a stronger match to 
the structure of IL-10. In addition, the various IL-1/3 structures appear 
better aligned structurally (as seen by superposition) than do the IL-lra 
structures, so both templates were used for modeling. Modeler (30) was 
used to generate a family of 20 structures for each query sequence. All 
structures showed a well defined core 0-trefoil, with higher variability 
in the outer loops; the per molecule probability density function (PDF) 
used by modeler varied from 1194 to 1984. The structure with the 
lowest overall PDF violation was visualized using a variable width 
ribbon based on the per residue PDF violation and showed that the 
highest violation was in the region of highest structural difference 
between IL-lra and IL-1/3. At this point the cysteine positions for the 
three models were revisited to ensure that no disulfide links were 
missed. A representative structure for each model was chosen by first 
ordering the models within a family by total PDF violation. After 
discarding structures with obvious problems, such as knots, the remain- 
ing members were then superimposed onto their mean. The structure 
with the lowest all atom root mean square deviation from the mean was 
chosen as the representative structure. Finally, the models were ana- 
lyzed using Procheck (31) and it was shown that the structures are valid 
at 2.0- A resolution with no major structural problems. The structure 
models for FIL1S, FILle, and FIL1£ can be examined by contacting the 
authors. 

Intron/Exon Mapping 

Intron placement was determined by direct cloning or amplification 
of genomic DNA from the various novel IL-1 loci. Primers were designed 
so that the PCR products overlapped one another to ensure that small 
introns were not overlooked. The sequence of the PCR products from 
genomic DNA was compared with the cDNA sequence in order to 
determine the exon/intron junctions. 

Chromosome Mapping 

Chromosome mapping was performed using the Genebridge 4 radi- 
ation hybrid panel (32) (catalog number RH02.05 from Research Ge- 
netics) which consists of 93 human/hamster hybrid cell lines. Genomic 
DNA from the cell lines was amplified using PCR primers specific for 
the human version of each novel IL-1 family gene. Products were 
separated by agarose gel electrophoresis and visualized by ethidium 
bromide staining. Each hybrid was scored in the following manner: 0 
was assigned if there was clearly no amplification; 1 was assigned 
where there clearly was amplification; a score of 2 was assigned where 
the data was ambiguous. Scores were then submitted to the Whitehead 
Institute/MIT for chromosomal assignment and placement relative to 
known framework markers on the radiation hybrid map. Scores for 
each gene are as follows: FIL18, 1000000100000000100012010010012- 



0000110110000100000000010100001000112000000010001000010001- 
0100; FILIt, 1010000100001000100011011210011000011011010010- 
00001000101010021011110000001000010001100010100; FILIt;, 1010- 
0001000010001000120122100100000110110100100000100010101001- 
1021110000001000010001120010100; FILl-q, 1220002000100000100- 
000010010010001200011002010000000001010000010002200000010- 
00010001100010100. Scores used for concomitant map placement of 
IL-1 a, IL-1/3, and IL-lra were obtained from the NCBI (IL-1 a, X02851; 
IL-ip, D20737 and AA150507; IL-lra, H50548, R49297, and T72887). 

Expression Analysis 

First-strand cDNAs present in CLONTECH (Palo Alto, CA) Human 
Multiple Tissue cDNA Panels I (catalog number K1420-1) and II (cat- 
alog number K1421-1) and the Human Immune Panel (catalog number 
K1426-1) were screened by PCR amplification using primers given in 
Table I. The primers were designed to span introns so that products 
arising from genomic DNA and cDNA could be distinguished. In some 
cases, nested primers were used in a second PCR reaction. The presence 
of an amplification product for each gene/tissue combination was deter- 
mined by analysis on agarose gels stained with ethidium bromide. 

Alternatively, individual cell types from human peripheral blood 
were isolated from multiple donors, and stimulations were performed 
as described (33, 34, 41). In brief, NK cells were incubated with IL-12 (R 
& D Biosystems; 1 ng/ml) for either 2 or 4 h. T cells were unstimulated 
or stimulated with anti-CD3 (OKT-3 antibody, immobilized on plastic at 
5 /xg/ml) or with the combination of anti-CD3 and anti-CD28 (the 
anti-CD28 antibody was CK248, used in soluble form as a 1:500 dilution 
of ascites fluid), for 4 h. Monocytes were unstimulated, or stimulated 
with LPS (Sigma, 1 /ig/ml) for 2 or 3 h. B cells were unstimulated, or 
stimulated with a combination of 005% SAC + 500 ng/ml CD40L trimer 
(Immunex) + 5 ng/ml IL-4 (Immunex) for 3.5 or 4 h. Dendritic cells were 
stimulated with LPS as for monocytes for 2 or 4 h. After isolation of 
RNA and synthesis of first-strand cDNA, PCR amplifications and gel 
analysis were performed as described above. 

Expression of Novel IL~1 Family Proteins for Receptor Binding 

Novel IL-1 family members, as well as control IL-1/3 and IL-18 
molecules, were generated by transfection of expression vector con- 
structs into COS cells using DEAE-dextran (35). Expression vectors 
used were pDC409 (36) for FILlc and FIL1£, or pDC412, a close rela- 
tive, for FIL1S and FILItj. The unmodified open reading frames were 
used for FIL15, c, and 17. For FILlf, the sequence beginning with Lys 27 

(KNLN ) was fused downstream of the human immunoglobulin k 

light chain signal peptide. IL-10, with an ATG cocjon added to the N 
terminus of the mature form (beginning with Ala 117 ), was expressed in 
pDC409. Human IL-18 was expressed as the mature form fused to the 
IL-7 signal peptide in the expression vector pDC206 (37). For radiola- 
beling, 48 h after transfection cells were starved of cysteine and methi- 
onine for 60 min, then labeled with 70 /iCi/ml of a PSl cysteine/methi- 
onine mixture (Amersham; >1000 Ci/mmol) for 4-6 h. It is perhaps of 
interest that FIL16, FILlc, and FILItj appear to be secreted from the 
COS cells despite the absence of either signal peptide or prodomain. 
C-terminal FLAG- tagged FIL1S and -c were partially purified from the 
conditioned medium using the tags, and their N termini sequenced. The 
N-terminal amino acid of the secreted FILlc was methionine 1; it had 
been modified by N-terminal acetylation. The N-terminal amino acid of 
the secreted FIL15 is valine 2. Thus, there does not appear to have been 
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ELlra RPSGRKSSKMQAFR j IWOTWQKTFYmiW. .OLVAG. .YLQGCTJVNUE | K1DWPI EPHALFLGIHOGK.KZLSCVK 

FIL15 MVLSGALCFR ( MKDSALKVLYUCN. .QUW. .GLHAOEOriKG J EOSVVPN.RHLCASLSPTO/3VQOGS.QCL9CG. 

ILlo SMFSFX<9nnCYNFlfRZZIQf^II21DhUIQSIXRAHDQ.TIJI3UUiI£HIS EAV | n^EHGAYKSSIOBWCIWILRISKIQ.LYVIAQ. 

HJ.8 YPQO^S30^SVIFra/JDQyii>IDQ3^ | NAPRITFIISJYia^P.RCMAVriSVKCEXISTLSCE. 

FILU KEKA I UCIDrPQS^IQDIHHFVWWjQro^ | TIALlSCRHVETIfiCntGOTIYLGl^^ 

TIL1t\ . MNPQR I EXAPKSY AIRDSRQMWVLSGN . . SLIAAPLSRSIKP. V j TlHLJACKXTGPSDKEKQIHVnXSIlQESro.LCXdPCAE 

FIL1C HSQCIiraiETEIlQGBXSFKKRIilG | PKVKHUll'JUU'SIUUUUOCVLVLDSa. -KLIAVPOPOTlflRP.E j IFPAlASSI^-SASAEJOGSPnijCWSIOSE.PCLYCnK 
ATVRSIJCTLRDSQQKSLVMSGP.reUCA^^ .EQCV | VFSKSFVQGEEagglgWaglJEEaCM.LyLSCVL 



ILlra SSDE . .TKLQLE AVNITDLSEURKQ . CKRFftPIRSDSG . . MTSHJS AACTGWFLCTAMEftD . QPtfSLTMMPDRS . . . VMViKKYioQwre* 

FIL1S V3QE. . PTLTLE PVHIMELYLGMtE . SKSFTFYRRDMG . . LTSSFESAAYPGHFLCTVPEM) . QPVM/PQLPEMXWIAP im 'X F UUCU* 

ILla . .DE.DQPVU* EHPEIPKTITUSE. .TOXAFFWETBG. . TKNYPTSTOHEKU JOHOD. . . WVCIAQGPPS ITDPQILENQA.* 

IL18 . ..N-.KIISFK I QJNPPCWIKETKS. .DIIFPQRSVFQHEIIKMQPESSSYHnTIACBCERDLfKLIIJCK^Q/SDR. . . SIHFTVQKEU* 

FILU VGDQ. .PTLQLK j ESDIMEELYNQPEPV . KSFLFYHSQSG . .RNSTFESVAFPGWPIAVSSE3G.CPL1L. .TQELGKA. .NTTOTCLTMLf^ 

PtLli] IQGK. . PTIQLK j EJIJIMnL YVEKKAQ . KPFUFHNKEG . . STSVFQSVSYPGKFIATSTITSG . QPrFLTKERGIT NWINFYLCSVE* 

EKGQSHPSLQLT j KHQMCLAAQKESARRPFIFTfRAQTC . . SWKLESAAHFGWFICTSCNCN. EPW3VTDKFEHRKH . . XEFSFQPVCXADISPSEVSD" 

ILlfl KECK. . PTLQLE | SVDPKNY. . pyjQ^MJJKFVPNKIEIN. . WKLCTES KQrt WyigTS QM» . MPVFLSG TKGGQD ITDFTMQPVSS' 

FlG. 1. Alignment of amino acid sequences for human members of the IL-1 superfamily. The full-length predicted translation products 
are shown for FIL15, -c, -f, and -tj, whereas the mature peptides, without prodomains or signal peptide, are given for IL-la, IL-1/3, IL-lra, and 
IL-18. The alignment is based on that presented by Bazan et al. (19) with slight modifications. Bars above and below the sequence indicate regions 
of experimentally determined (IL-1/3 and IL-lra) or proposed 0-strand. The vertical lines within each sequence indicate intron positions. Some of 
these are taken from GenBank™ (JL-la, accession number X03833; IL-1&, accesssion number X04500; IL-lra, accession number X64532; 
accession number E17138). The rest were determined for this paper. The sequences of FIL15, FILle, FIL1£, and FILItj have been deposited in 
GenBank™ (accession numbers AF201830, AF201831, AF201832, and AF201833). 



cleavage of an unrecognized signal peptide or prodomain in either 
molecule. There are a number of proteins which, when transfected into 
COS cells, do not later appear in the medium, so this is not a general 
phenomenon attributable to leaky cells. However, the intracellular 
version of IL-lra (icIL-lra, a kind gift of William Arehd, University of 
Colorado) also appears in the medium following transfection of COS 
cells. The significance of these findings is currently unknown. 

Receptor Binding Assays 

The novel IL-1 family members, present as 35 S-labeled proteins in 
conditioned medium from transfected COS cells, were tested for binding 
to Fc fusion proteins of the IL-1 receptor superfamily members (see 
Footnote 2 for general methods) 2 IL-1R type I, IL-1R AcP, IL-lRrpl, 
IL-lRrp2, IL-1R AcPL, and T1/ST2 as follows: 0.5-1.0 ml of conditioned 
medium was pre-cleared for 2 h at 4 °C with 50 jd of protein G- 
Sepharose (Amersham Pharmacia Biotech; 50% solution in phosphate- 
buffered saline) containing 1% Triton X-100, 0.02% NaN 3 , and protease 
inhibitors (Roche Molecular Biochemicals catalog number 1 836 145). 
After a brief spin (3 min, 1000 rpm), the supernatant was transferred to 
a fresh tube and incubated overnight at 4 °C with 1 /xg of receptor/Fc 
fusion protein plus another 50 fd of protein G-Sepharose. The mixture 
was centrifuged briefly, and the supernatant mixed with 0.5 ml of 
phosphate-buffered saline containing 5% glucose and protease inhibi- 
tors and spun again. The pellet was washed four times with 1 ml of a 
solution containing 0.4 M NaCl, 0.05% SDS, 1% Nonidet P-40, and 
protease inhibitors, and resuspended in 25 of 2 X reducing sample 
buffer (Zaxis, catalog number 220-2110106). Samples were run on 
4-20% Tris glycine gels (Novex) and auto radiographed. 

RESULTS 

The four previously known members of the IL-1 family (IL- 
la, IL-1/3, IL-lra, and IL-18), while possessing a low overall 
fractional amino acid identity, share certain common amino 
acid sequence motifs, the most obvious of which can be sum- 
marized as F(y 10 . 12 )Fffi(AVS)XX(PE)XX{FY)(LI)(CAS)(TC) 
where X is any amino acid, and parentheses indicate that one 
of the included amino acids is present at that position. There 
are similarities in intron placement within the family as well. 
Relying on the sequence similarity, we searched public EST 
data bases and found sequences corresponding to three novel 
IL-1 family members, described below as FIL15, FILle, and 
FIL1£. A fourth novel family member, described below as 
FILln, was originally revealed in a published patent applica- 
tion. Examination of the sequence (called IL-1 6 by the inven- 
tors) in the patent application suggested that it was derived 
from an aberrantly spliced mRNA. We searched for and found 



2 Born, T. L., Morrison, L A., Esteban, D. J., VandenBos, T., The- 
beau, L. G., Chen, N., Spriggs, M. K., Sims, J. E., and Buller, M. L. 
(2000) J. Immunol. , in press. 



an alternative form of mRNA that contains the conserved fam- 
ily sequence motif in the extreme 3' exon. A brief description of 
the cloning and characteristics of each of the family members is 
given below. The sequences, and a comparison with the previ- 
ously known IL-1 superfamily members, are given in Fig. 1. 

FIL18 

A search of GenBank™ revealed a murine EST, accession 
number W08205, that resembled the known IL-ls but was not 
identical to any. The IMAGE clone corresponding to the EST 
was sequenced and found to contain the entire open reading 
frame of an IL-l-like molecule. Unlike the known family mem- 
bers, this novel polypeptide (called FIL15) appeared to contain 
neither a signal peptide nor a prodomain at the N terminus. A 
human FIL15 cDNA was then isolated from a human placenta 
cDNA library, using mouse FIL1S as a probe. The human 
sequence predicted an open reading frame similar to that of 
mouse FIL15. Multiple FIL15 cDNA clones from both species 
were subsequently isolated, and all had the same predicted 
open reading frame, with no evidence for isoforms containing 
either signal peptide or prodomain. Interestingly, among the 
cDNA clones from both species were found several different 
5 '-untranslated region sequences (data not shown). These dif- 
ferent 5' sequences appear to derive from separate exons, in 
that they can be found (separately) in genomic sequence up- 
stream of the FIL18 coding region, and have potential splice 
donor sites at their 3' ends. Presumably the FIL18 gene is 
transcribed from at least two promoters. 

FILle 

A later search of GenBank™ revealed a murine EST, acces- 
sion number AA030324, that resembled a second novel IL-1 
family member. Sequencing of the IMAGE clone corresponding 
to the EST showed an open reading frame that appeared to 
encode the C-terminal portion of an IL-1 molecule, but which 
could not be extended in the 5' direction. The mouse sequence 
was used to probe a human genomic library, and a positive 
clone was identified and the insert sequenced. The sequence 
revealed a 212-base pair region with homology to the 3'-most 
exon of mouse FILle. There was a potential splice acceptor site 
at the 5' end of this region, and a stop codon at the 3' end of the 
70-amino acid open reading frame. More human genomic DNA 
to the 5' side of this open reading frame was then isolated and 
sequenced, revealing three additional putative exons with se- 
quence similarity to the mouse EST and to other IL-1 family 
members. On the assumption that the four putative exons were 
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spliced to form a single coding region, PCR primers were de- 
signed and used successfully to amplify the predicted product 
from several different human RNA sources. As for FIL16, the 
predicted FILle reading frame contains neither a signal pep- 
tide nor a prodomain. 

FIL1C 

A third EST, accession number AI014548, was found in Gen- 
Bank™ that appeared to encode an IL-l-like molecule. How- 
ever, further sequencing revealed that the corresponding (hu- 
man) IMAGE clone contained a stop codon upstream of the 
open reading frame but no initiating methionine. Screening of 
two other cDNA libraries resulted in isolation of a second, 
distinct aberrant clone, as well as a clone that contained an 
open reading frame that did begin with a methionine and that 
extended for 192 amino acids. This last clone was named FILlf. 
Sequence comparison with other family members suggests that 
FILlf has a prodomain of some 15-30 amino acids. 

Analysis of genomic DNA demonstrated that an intron lies 
between the nucleotides encoding the 23 rd and 24 th amino acids 
of the 192 amino acid open reading frame form (see Figs. 1 and 
4). The stop codon-containing sequences found in the aberrant 
cDNA clones lie within this intron, and appear to be incorpo- 
rated into mRNA by cryptic splicing events. Since we had found 
three different cDNA isoforms for FIL1£, only one of which 
appeared to contain a functional open reading frame, it was 
important to determine the relative levels of the different tran- 
scripts. This was done by designing PCR primers that would 
amplify and distinguish the three isoforms, and using them to 
examine expression in a panel of first-strand cDNAs. The (pre- 
sumably functional) FIL1£ transcript was found in lymph node, 
thymus, bone marrow stroma, lung, testis, and placenta (Table 
II). We could not detect the form of mRNA represented by the 
EST in any tissue, whereas that represented by the other form 
of "aberrant" mRNA was present in bone marrow stroma (from 
which we had originally isolated it), lung, and placenta but not 
in the other tissues (not shown). The mRNA encoding that form 
appeared to be much less abundant than the functional FIL1£ 
mRNA. 

FILl-q 

A cDNA clone containing part of the FILl-n sequence was 
originally identified in an osteoclastoma library (38). The DNA 
sequence presented in this document appeared to encode the 
N- terminal half of an IL-1 like molecule, which then diverged 
in the C-terminal portion. Since the C-terminal regions of the 
different IL-1 family members contain the greatest sequence 
conservation, including the motif described above, and since 
the point of divergence lay exactly at the position of a conserved 
intron in the IL-1 family (see below), we searched for an alter- 
native transcript that might encode a more typical member of 
the family. 

PCR with first strand cDNA templates from various tissue 
sources, using primers lying entirely within the 5'-half of the 
osteoclastoma coding sequence (38), gave products from tonsil, 
bone marrow, heart, placenta, lung, testis, and colon. Only very 
faint bands were obtained, and only in tonsil and testis, when 
a 5' primer from the 5'-half and a 3' primer from the 3'-half of 
the osteoclastoma coding sequence were used, consistent with 
our interpretation. Human genomic DNA containing the 5'-half 
of the osteoclastoma sequence and extending further down- 
stream was then isolated and sequenced. A putative exon was 
found 823 base pairs downstream of the point of divergence of 
the osteoclastoma sequence from other family members; this 
putative exon contained the expected sequence motifs for the 
C-terminal portion of an IL-1 family member, as well as a 



Table II 

Expression data for novel IL-1 family members 
The table summarizes all available expression data on the novel IL-1 
family members. w - n indicates that the mRNA was looked for but not 
found; a blank space indicates that the analysis was not done for that 
particular gene/RNA combination. Positive results were derived as 
follows: "a", by PCR analysis from a panel of first strand cDNAs (Clon- 
tech); "b", by cDNA library screening; "c", by the existence of an EST; 
*d* by PCR analysis of an individual RNA. V indicates that expression 
of the gene was increased by LPS. In the source column for tissues, 
"pool" was a mixture of fetal lung, testis, and B cell. In the source 
column for human cell lines, MoT and HUT102 are T-cell lines; Raji is 
a B cell line; THP-1 and U937 are macrophage lines; IMTLH is an 
unpublished bone marrow stromal cell line, derived at Immunex; HL60 
is an early hematopoietic precursor line; HPT-4 is a pancreatic tumor 
line; T84 is a colon tumor line. For FIL16 in lung, (a) indicates that the 
PCR product lacks exon 2. The PCR products for FIL16, FILle, and 
FILItj were especially strong from tonsil RNA, while that for FIL1£ was 
strong in placenta and testis. 



Source 


FIL1S 


FILle 


FIL1£ 


FILItj 


Human tissue 










Spleen 


- 


a 


- 


- 


Lymph node 


a 


a 


a 


— 


Thymus 


a 


a 


a 


— 


Tonsil 


a 


a 




a 


Bone marrow 




b 


a,b 


a 


Fetal liver 






— 


— 


Leukocyte 




a 


— 


— 


Heart 






~ 


a 


Brain 


a 


— 




— 


Placenta 


a,b 


— 


a 


a 


Lung 


(a) 


— 


a 


a 


Liver 






— 


— 


Skeleton muscle 


a 






— 


i\ianey 








— 


Pancreas 










Prostate 


a 




— 


— 


Testis 


a 




a 


a 


Ovary 










Small intestine 










Colon 


- 


- 


- 


a 


retal brain 




b 






NK cells 


b 








Parathyroid tumor 


c 








Colon tumor 






c 




Pool 






c 




Human cell lines 










Mo-T 




b 






HUT- 102 




b 






Raji 




b 






THP-1 




d 


d 




U937 






d,e 




IMTLH 




d 


d 




HL60 




d 


d 




HPT-4 




b 


b 




T84 




b 






Mouse tissue 










Spleen 


d,e 


d,e 






Kidney 


b 








Placenta/yolk sac 


d 


c 






Embryo 


c 








Stomach 


c 


c 






Tongue 


c 


c 






Skin 


c 








Mouse cell lines 










Macrophage (RAW) 


d,e 


b,d,e 







potential splice acceptor site at its 5' end. PCR primers de- 
signed to amplify a hypothetical cDNA formed by splicing of the 
5' portion of the osteoclastoma sequence with this 3' exon did 
indeed give a product from human tonsil first strand cDNA, 
which when sequenced contained the predicted 157-amino acid 
open reading frame. The open reading frame, and the gene 
encoding it, were named FILln. Like FIL15 and FILle, FILln 
does not contain an apparent signal peptide or prodomain. 
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Table III 
Sequence identity 
The numbers represent percent sequence identity between the indi- 
cated IL-1 superfamily members, as determined by using the program 
"gap" (Wisconsin Package Version 10.0, Genetics Computer Group 
(GCG)). For IL-la, IL-10, IL-18, and IL-lra, the mature peptide Hack- 
ing signal sequence or prodomain) was used for the comparison. For 
FIL1£, the mature form was assumed to start with Lys27, based on 
primary sequence alignment and analysis of predicted eight-dimen- 
sional structure, and this sequence was used. 

IL-la IL-1/3 IL-lra IL-18 FIL1S FIL1« FIL1£ FILItj 



Il^la 

IL-1/3 

Il^lra 

IL-18 

FIL15 

FILle 

FILlf 

FILItj 



24 



20 21 


20 


23 


21 


26 


31 17 


32 


27 


24 


32 


22 


50 


30 


29 


30 




27 


20 


21 


21 






31 


35 


37 








36 


46 










44 



FIL18 



IL1ra 



FIL1C 



FIL1e 




FILItj 



IL1ot 



FlG. 2. Dendrogram illustrating the relationship between 
members of the IL-1 superfamily. The dendrogram was generated 
by the program Treeview (40) using the amino acid sequence alignment 
produced by the program Pileup (Wisconsin Package Version 10.0, 
Genetics Computer Group (GCG), Madison, WI). 



A Gene Family 

Sequence Comparison — The novel members of the IL-1 fam- 
ily are approximately as similar to one another in sequence as 
they are to the classical IL-ls; this level of identity is in turn 
similar to that shown by the classical IL-ls among themselves. 
Typically any given pair of family members shows 20-35% 
sequence identity (Table III). Those that stand out as being 
more similar to one another than average are FILlML-lra, 
FILle/FILln, and FILl^/FILln. These relationships can also 
be seen in the dendrogram presented in Fig. 2, in which it" 
appears that IL-la, IL-1/3, and IL-18 form one sequence sub- 
family; FILle, FILlf, and FILln form a second subfamily, and 
IL-lra and FIL15 form a third. The novel members can easily 



ML yj 



FlG. 3. Structure models. Structural models of IL-1/3 and FILle 
were generated as described under "Experimental Procedures" The 
figure shows views looking down the opening of the barrel in the 
/3-trefoil structures, as well as views of the models rotated by 90° along 
the x axis. Yellow, /3-strand; green, coil; blue, /3-turn. 



be placed onto the structure-based sequence alignment pre- 
sented by Bazan et aL (19) (Fig. 1). 

Three-dimensional Protein Structure Prediction — The struc- 
tures of FIL15, FILle, and FIL1£ have been modeled using as 
templates the experimentally determined structures of IL-1/3 
and IL-lra. The novel IL-1 superfamily member amino acid 
sequences could with minimal energy violations be folded into 
structures which superimpose well onto the IL-1/3 and IL-lra 
crystal structures. In particular, the core 12-stranded, /3- trefoil 
structure appears well conserved (see Fig. 3 for FILle). The 
major points of difference between the FIL15, FILle, and FIL1£ 
models, and between them and the experimental structures, lie 
in the loops connecting the )3 strands, where IL-1/3 and IL-lra 
also differ most from each other. 

Genomic Structure — The known genes of the IL-1 family 
display a conserved pattern of intron placement and intron/ 
exon junctions, clearly indicating their derivation from a com- 
mon ancestor. The novel IL-1 family members presented here 
demonstrate the same pattern. The most C-terminal intron in 
the coding region always falls between codons, and lies imme- 
diately after the predicted /3-strand 7. By analogy to the struc- 
ture of the IL-la and IL -2/3 genes, we have cajled this intron 5, 
even though the rest of the family has only three introns within 
the coding sequence (except IL-18, which has four). Intron 4 
(the intron N-tenninal to intron 5) falls between the first and 
second nucleotides of the codon, and lies just N- terminal to 
/3-strand 4. Intron 3 is more variable in placement. In IL-la, 
IL-lfi, IL-18, and probably in F/Lif, it lies within the prodo- 
main, not far upstream of the site of processing. In the other 
family members, it appears to lie not far downstream of the 
initiating methionine. It is also more variable in placement 
within the codon, falling after either the first (IL-la, IL-lp, 
IL-18, FILle, FIL1C, FILl-n) or second (IL-lra, FILlh) nuclei 
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tide of the codon. 

Chromosomal Location — The novel IL-1 family members 
have been mapped using the radiation hybrid method. They 
cluster on human chromosome 2q, between the framework 
markers D2S121 and D2S110 (not shown). The IL-la/IL-ip/IL- 
lra cluster lies within this same interval. At the level of reso- 
lution seen with the Genebridge 4 panel, the novel and classical 
IL-1 genes appear to be interspersed. 

Expression Pattern 

We have analyzed the expression pattern of the novel IL-1 
family members in several ways. Using a panel of first strand 
cDNAs derived from various tissues as templates for PGR, we 
find that the novel family members are all expressed in lymph- 
oid organs, although the detailed pattern differs somewhat 
from cytokine to cytokine (Table II). RNA for each is also 
present in a small number of non-lymphoid tissues. Table II 
also summarizes expression data obtained from cDNA library 
screening, from searching EST data bases, and from PCR anal- 
ysis of individual RNA samples. No easy generalization about 
expression patterns, either for the individual cytokines or for 
the family, is obvious. 

Hematopoietic Subsets — We wanted to look specifically at 
expression of each of the novel IL-1 family members in individ- 
ual cell types from peripheral blood. Cells were prepared from 
human blood and cultured for a short time in various condi- 
tions. RNA was made and analyzed by RT-PCR for the presence 
of FIL15, -e, -f, and -17 (Table IV). All family members were 
expressed in activated monocytes and B cells. In most cases, 
there was some expression present in these cells even without 
stimulation. FIL15 was also expressed in activated dendritic 

Table IV 

Expression of novel family members in hematopoietic cell subsets 
Expression of IL-1 family members was determined by PCR analysis 
of RNA isolated from subsets of peripheral blood mononuclear cells, 
obtained as described under "Experimental Procedures." 



Cell subset 


FIL16 


FILle 


FILlf 


FILItj 


NKcell + IL12 


ND* 


ND 


+ 


ND 


Tcell 




+ 






Monocyte 


+ + 


+ 


ND 


+ 


Monocyte + LPS 


+ + 


+ + 


+ + 


+ + 


Bcell 


+ + 


+ 






B cell stimulated 


+ + 


+ 


+ 


+ 


Dendritic cell + LPS 






ND 


ND 



' ND, not done. 



cells. The only one of the family members expressed by T cells 
was FILle. 

Receptor Binding— We asked whether any of the novel IL-1 
family members could bind to the known members of the IL-1 
receptor family. Conditioned medium from COS cells trans- 
fected with each of the different novel ligands and labeled with 
[ 35 S]Cys/Met, as well as from COS cells transfected with IL-18 
as a positive control, were incubated with Fc fusions of the 
characterized IL-1R family members (IL-1R type I, IL-1R AcP, 
IL-lRrpl, IL-lRrp2, AcPL, and T1/ST2), followed by precipita- 
tion of the Fc proteins using protein G. The precipitates were 
electrophoresed on SDS gels, and autoradiographed to see 
whether any of the ligands were able to bind to any of the 
receptors. While IL-18 was seen consistently to bind to IL- 
lRrpl, no other complexes were observable using this tech- 
nique (data not shown). 

DISCUSSION 

We describe here the discovery of novel genes that double the 
size of the IL-1 superfamily. Assessment of the FIL1S, FILle, 
FILir, and FILItj genes as paralogs of IL-1 a, /L-2/3, IL-lra, 
and IL-18 is based on several factors. First, sequence align- 
ment (Fig. 1) reveals certain conserved amino acid motifs. Not 
only is there easily recognizable conservation of primary struc- 
ture, but the amino acid sequences readily allow modeling into 
a predicted three-dimensional structure that is conserved with 
the known IL-ls (Fig. 3). In addition, intron placement is 
highly conserved in these new genes and is similar to that 
found in the "traditional" IL-ls as well as IL-18 (Figs. 1, 4). 
This provides an independent measure of evolution from a 
common ancestor. Finally, consistent with evolution by gene 
duplication, the new IL-1 superfamily members are all clus- 
tered in the same region of human chromosome 2q that con- 
tains IL-lct, IL-lfi y and IL-lra. IL-18 is the only superfamily 
member that does not map to this location. 

The novel IL-1 family members are expressed in a variety of 
hematopoietic and non-hematopoietic cell types. It is not easy 
to formulate generalizations about expression patterns, except 
to say that FILle appears to be the only one of these putative 
cytokines routinely expressed in T cells, and (not unexpectedly) 
all of the family members are expressed in activated monocytes 
and B cells. From the infrequency of ESTs corresponding to 
these genes in GenBank™, as well as the number of PCR 
cycles required to detect an amplification product in positive 
RNA sources, it would appear that they are all expressed at 
relatively low abundance. Nevertheless, FIL15, FILle, and 



Fig. 4. Intron positions. Intron posi- 
tions were taken from GenBank™ (/L-Ja, 
accession number X03833; /L-i/3, acces- 
sion number X04500; IL-lra, accession 
number X64532; IL-18, accession number 
E 17138) or were determined for this pa- 
per by sequencing of genomic DNA (either 
directly cloned, or PCR amplified) and 
comparison to the cDNA sequences. The 
"intron 3," "intron 4," "intron 5" designa- 
tions are by analogy with IL-1 a and IL- 
i/J, and do not imply that there are five 
introns in each of the other genes. Intron 
sizes, where known, are indicated. Amino 
acid numbers are given below the lines, 
and refer to the primary translation 
product. 



IL-lp 



fha; 



PTLlq 



■intron 3* 

GAA G. . .1936n£. .AA ATC 

Glu G lu He 

106 108 

GAA G S47nt. .AA OCT 

Glu G lu Pto 

100 102 



TIC AG. .183 Int. 

Phe Ar 

38 



.A AIU 
-g lie 
40 



TIC CG. .13811*. . .A tGQ 

Phe Ar g Met 

9 11 

AAA G 92nt..CA TIG 

Lys A la Leu 

3 5 

AGA G...1870nt..GT CCA 

Atg G ly Pro 

22 24 

GAA C....S41nt..GG GAG 

Gin A. rg Chi 

4 6 

GAT G. . .3383nt. .AA AAC 

Asp G lu Asa 

30 32 



Ala V. 
163 

CAA G. 

Gin V. 
155 

GAA G. 

Glu G. 



OCA G 5Unt. .TC 

Pro V el 

41 



Pro 
62 



OCT G. .•aiOOnt. .TC 



AGA G.. 
Axg A. . 
75 



AAA 


CTG 


AAG 


. .2350nt. . 


GAG 


JOG 




Lea 


Lys 




Glu 


ffet 


165 




205 




206 




GIG 


CTG 


GAG 


...721nt.. 


AGT 


GUV 


Val 


Leu 


Glu 




Ser 


Val 


157 




199 




200 




AAG 


CTG 


GPG 


..1498nt.. 


OCA 


GTT 




Leu 


Glu 




Ala 


Val 


70 




106 




107 




GAA 


CTA 


GAG 


. ..201nt.. 


OCA 


GIG 


Gill 


Leu 


Glu 




Pro 


val 


40 




81 




82 




ACT 


CTG 


AAG 


..1093nt.. 


GAA 


AAG 


Tfcr 


Leu 


Lys 






Lys 


43 




88 




89 




MC 


CTG 


AAG 


. . .TSTnt.. 


AAG 


GAG 


He 


Leu 


Lye 




Lys 


Glu 


64 




110 




111 




ACT 


CTT 


AAG 


. ..823nt. . 


GAA 


AAA 


Thr 


Leu 


Lys 




Gin 


Lys 


42 




87 




83 




AAT 


TTT 


AAG 


. .4773nc.. 


GAA 


AXG 


Asn 


Pha 


Lys 




Glu 


Met 


77 




120 




121 
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FILlf can be regulated by LPS (and most likely other agents) 
in monocytes and spleen cells, and FIL15 appears to be tran- 
scribed from at least two different promoters, indicating that 
regulation of expression in this family is active. 

It might be expected that the new IL-1 superfamily members 
would bind to members of the IL-1 receptor superfamily. How- 
ever, we have been unable to demonstrate this in co-precipita- 
tion assays using Fc fusions of the known receptors and orphan 
receptor homologs. It could be that there are as yet undiscov- 
ered members of the IL-1R superfamily. Alternatively, unlike 
the case with the IL-ls and IL-18, high affinity binding detect- 
able by co-precipitation may require two receptor subunits to 
be present. Finally, of course, it is possible that these cytokines 
bind to a different type of receptor. IL-18, for example, was 
recently shown to be capable of binding with high affinity to a 
soluble protein that has little similarity to other IL-1R family 
members (39). 

The biological activity of the novel IL-1 family members 
remains to be characterized. IL-la, IL-1/3, and IL-18 are all 
capable of activating gene expression programs that enhance 
immune responses and promote inflammation. It is obvious to 
speculate that FIL15, FILle, FIL1£, and FILItj might have 
similar actions. On the other hand, IL-lra acts to block the 
actions of the agonist IL-ls, and it is possible that one or more 
of the novel family members might similarly play an antagonist 
role. In this context, however, it should be noted that none of 
them binds to either the type I IL-1R or to IL-lRrpl, and 
therefore they presumably do not regulate signaling by either 
IL-1 or IL-18. It is also possible that the resemblance of these 
molecules to IL-1 says nothing at all about their receptor bind- 
ing or the type of biological responses they might invoke. These 
issues will be clarified by further investigation. 
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Nature 1996 Feb 15;379(6566):591 

Comment on: Nature 1995 Nov 2;378(6552):88-91 
A newly defined interleukin-1? 

Bazan JF, Timans JC, Kastelein RA 



Smith et al. reference 29: 

Protein Sci 1998 Jun;7(6): 143 1-40 

Fold prediction by a hierarchy of sequence, threading, and modeling methods. 
Jaroszewski L, Rychlewski L, Zhang B, Godzik A. 

Department of Chemistry, University of Warsaw, Warszawa, Poland. 

Several fold recognition algorithms are compared to each other in terms of prediction accuracy and 
significance. It is shown that on standard benchmarks, hybrid methods, which combine scoring based on 
sequence-sequence and sequence-structure matching, surpass both sequence and threading methods in the 
number of accurate predictions. However, the sequence similarity contributes most to the prediction 
accuracy. This strongly argues that most examples of apparently nonhomologous proteins with similar folds 
are actually related by evolution. While disappointing from the perspective of the fundamental 
understanding of protein folding, this adds a new significance to fold recognition methods as a possible first 
step in function prediction. Despite hybrid methods being more accurate at fold prediction than either the 
sequence or threading methods, each of the methods is correct in some cases where others have failed. This 
partly reflects a different perspective on sequence/structure relationship embedded in various methods. To 
combine predictions from different methods, estimates of significance of predictions are made for all 
methods. With the help of such estimates, it is possible to develop a "jury" method, which has accuracy 
higher than any of the single methods. Finally, building full three-dimensional models for all top 
predictions helps to eliminate possible false positives where alignments, which are optimal in the one- 
dimensional sequences, lead to unsolvable sterical conflicts for the full three-dimensional models. 



Smith et al. reference 30: 

J Biomol NMR 1996 Dec;8(4):477-86 

AQUA and PROCHECK-NMR: programs for checking the quality of protein structures 
solved by NMR. 

Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thornton JM. 

Department of Biochemistry and Molecular Biology, University College London, UK. 
roman@bsm.bioc.ucl.ac.uk 

The AQUA and PROCHECK-NMR programs provide a means of validating the geometry and restraint 
violations of an ensemble of protein structures solved by solution NMR. The outputs include a detailed 
breakdown of the restraint violations, a number of plots in PostScript format and summary statistics. These 
various analyses indicate both the degree of agreement of the model structures with the experimental dat, 
and the quality of their geometrical properties. They are intended to be of use both to support ongoing NMR 
structure determination and in the validation of the final results. 



Smith et aL reference 31: 

Proteins 1995 Nov;23(3):3 18-26 

Evaluation of comparative protein modeling by MODELLER. 
Sali A, Potterton L, Yuan F, van Vlijmen H, Karplus M. 

Rockefeller University, New York, NY 10021, USA. 

We evaluate 3D models of human nucleoside diphosphate kinase, mouse cellular retinoic acid binding 
protein I, and human eosinophil neurotoxin that were calculated by MODELLER, a program for 
comparative protein modeling by satisfaction of spatial restraints. The models have good stereochemistry 
and are at least as similar to the crystallographic structures as the closest template structures. The largest 
errors occur in the regions that were not aligned correctly or where the template structures are not similar to 
the correct structure. These regions correspond predominantly to exposed loops, insertions of any length, 
and non-conserved side chains. When a template structure with more than 40% sequence identity to the 
target protein is available, the model is likely to have about 90% of the mainchain atoms modeled with an 
rms deviation from the X-ray structure of approximately 1 A, in large part because the templates are likely 
to be that similar to the X-ray structure of the target. This rms deviation is comparable to the overall 
differences between refined NMR and X-ray crystallography structures of the same protein. 
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Interleukin-1 receptor antagonist (IL-lra), an IL-1 
family member, binds with high affinity to the type I 
IL-1 receptor (IL-1RI), blocking IL-1 binding but not 
inducing an IL-1 -like response. Extensive site-directed 
mutagenesis has been used to identify residues in IL-lra 
and IL-10 involved in binding to IL-1RI. These analyses 
have revealed the presence of two discrete receptor 
binding sites on IL-1/3. Only one of these sites is present 
on IL-lra, consisting of residues Trp-16, Gln-20, Tyr-34, 
Gln-36, and Tyr-147. Interestingly, the absent second 
site is at the location of the major structural difference 
between IL-lra and IL-10, which are otherwise structur- 
ally similar. The two receptor binding sites on IL-10 are 
also present on IL-1 a. Thus, it appears that the two IL-1 
agonist molecules have two sites for IL-1RI binding, and 
the homologous antagonist molecule, IL-lra, has only 
one. Based on these observations, a hypothesis is pre- 
sented to account for the difference in activity between 
the agonist and antagonist proteins. It is proposed that 
the presence of the two receptor binding sites may be 
necessary for agonist activity. 



The IL-1 1 family of proteins are related by sequence similar- 
ity, gene organization, and three-dimensional structure 
(Eisenberg et al., 1990, 1991; Carter et aL, 1990). The three 
proteins, IL-la, IL-10, and IL-lra, all exhibit a 0-trefoil topol- 
ogy characterized by six 0-strands forming a tapered 0-barrel, 
which is closed at the wide end by another six 0-strands 
(Murzin et al, 1992; Vigers et al, 1994). 

The two agonist proteins, IL-la and IL-10, have similar 
biological activities, mediated through their high affinity inter- 
action with the type 1 IL-1 receptor (IL-1RI) (Sims et al, 1993). 
These two proteins are believed to play an important role in 
causing both local and systemic inflammatory responses 
(Dinarello, 1991). 

The third family member, IL-lra, also binds with high aflin- 
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ity to IL-1RI but does not elicit a biological response (Hannum 
et al, 1990; Dripps et al, 1991). IL-lra competitively inhibits 
the binding of IL-la and IL-10 and thus acts as a specific 
inhibitor of IL-1 activity. Exogenously administered human 
recombinant IL-lra can significantly reduce the severity of 
inflammation in many animal models of inflammatory disease, 
thus implicating IL-1 as an important mediator of inflamma- 
tion in these models (Dinarello and Thompson, 1991). Endog- 
enous IL-lra plays an important role in reducing the severity of 
the inflammatory response by IL-1, since administration of 
neutralizing antibodies to IL-lra causes an increase in severity 
and a prolongation of intestinal inflammation (Ferretti et al, 
1994). 

Several studies utilizing site-directed mutagenesis have led 
to the identification of residues in IL-la and IL-1/3 that are 
important for either receptor binding or receptor-mediated bi- 
ological activity (MacDonald et al, 1986; Gehrke et al, 1990; 
Yamayoshi et al, 1990; Ju et al, 1991; Labriola-Tompkins et 
al., 1991, 1993; Grutter et al., 1994; Gayle et al, 1993). An 
analysis of these results suggests there are two main sites on 
the surface of the IL-1 agonist molecules that are involved in 
receptor binding. One site (site A), located on the side of the 
0-barrel structure, was originally identified by mutagenesis of 
IL-10 residue histidine 30 (His-30). Additional residues in this 
region have more recently been identified in both IL-la and 
IL-10. A second site (site B), approximately 20-25 A from the 
first site, is located at the open end of the 0-barrel and includes 
several charged residues, e.g. Arg-4, Lys-93, Lys-103, and Glu- 
105 of IL-10. 

We report here the results of site-directed mutagenesis stud- 
ies to identify residues on IL-lra important for IL-1RI binding. 
Our results indicate that the IL-lra residues homologous to 
receptor binding site A of IL-la and IL-10 also play a role in 
IL-1RI binding of IL-lra but that residues of ILrlra homolo- 
gous to receptor binding site B on IL-la and IL-10 do not 
interact with the receptor. In addition, we believe that site A is 
the only receptor binding site on IL-lra because we have mu- 
tagenized or deleted almost every residue on the surface of the 
molecule (a total of 103 residues) and found that only the 
residues of site A affect receptor binding. We have also per- 
formed site-directed mutagenesis of IL-10 and found that site A 
on IL-10 is larger than previously thought. 

EXPERIMENTAL PROCEDURES 
Mutagenesis and Mute in Expression in Escherichia coli— Site-di- 
rected mutagenesis of IL-lra and IL-10 genes was performed using a 
Bio-Rad Mutagene kit. Muteins were expressed in E, coli and purified 
to near homogeneity from the soluble cell lysate as previously described 
(Eisenberg et al, 1990). Protein concentrations were determined by 
BCA protein assay (Pierce), absorbance at 280 nm, and relative inten- 
sity of bands on a Coomassie-stained polyacrylamide gel. 
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Competitive Receptor Binding Assays— Receptor binding assays were 
done as described (Hannum et a/., 1990). Briefly, a standard amount of 
^S-labeled IL-lra at a concentration approximately equal to its K d (150 
pM) was incubated with mouse EL4 thymoma (ATCC, TIB 181, -5000 
receptors per cell) or a Chinese hamster ovary cell line (kindly provided 
by R. Chizzonite) expressing the human type 1 IL-1 receptor (-30,000 
receptors per cell) for 4 h at 4 °C with varying concentrations of cold 
competitor. The cells were harvested through a Millipore miUititer 
plate filter system, and radioactivity retained on the filter was counted 
on an Ambis radioanalytical imaging system. Percent wild type activity 
was defined as IC W (wild typeYIC^ (mutein). The K d for the wild type 
IL-lra (as competitor) was estimated using a simplification of the 
Cheng-Prusoff relationship (K d = IC^, Cheng and Prusoff, 1973) and 
ranged from 150 to 400 pM, consistent with values previously reported. 
In each assay, a wild type control was included. All muteins were 
assayed a minimum of two times with the standard error between 
assays generally :£25%. 

NMR Spectroscopy Analysis of IL-lra and Muteins— One-dimen- 
sional ^-labeled NMR spectra were collected for IL-lra and several of 
its muteins. The spectra were recorded on a VXR500 spectrometer 
housed at the University of Colorado-Boulder. The 1.5 mM IL-lra solu- 
tions (90% Kfl f 10% D 2 0) were prepared in 10 mM phosphate (pH = 
6.0), 100 mM NaCl, and 0.1 mM EDTA. Spectra were recorded at tem- 
peratures of 25, 30, and 35 °C. Each spectrum was collected with 8192 
complex points over a spectral width of 7000 Hz, and a total of 64 
transients were signal averaged for each free induction decay. All data 
were processed on a Sun 4260 using the NMR processing software 
FELIX (Hare Research). The spectra of IL-lra wild type and mutants 
were plotted to allow for comparison of the backbone (rT and Ha) and 
methyl proton chemical shifts and intensities. 

Structure Modeling of IL-la — Since only the C-q coordinates of IL-lo 
have been deposited in the Brookhaven Data base, we modeled possible 
side chain positions for comparison to IL-lp and IL-lra. Initial coordi- 
nates were assigned at random for missing atoms and then refined 
using simulated annealing in X-PLOR (Brunger et aL, 1987). Three 
different starting positions gave similar final conformations in all areas 
of interest. 2 

RESULTS 

Mutagenesis of IL-lra — Using site-directed mutagenesis, we 
replaced 93 of the 152 residues oflL-lra and made two deletion 
mutants of 3 and 10 amino acids at the amino terminus. Initial 
single replacements were to glycine or alanine or, in a few 
instances, to an amino acid of the opposite charge. Muteins 
were assayed by competition with 35 S-labeled IL-lra for bind- 
ing to mouse EL4 cells or to Chinese hamster ovary cells 
expressing recombinant full-length human IL-1RI. From this 
initial round of mutagenesis, 54 of the muteins were assayed on 
EL4 cells, 33 were assayed on Chinese hamster ovary cells, and 
the remaining 6 were assayed on both cell lines. 

For the vast majority of muteins, including the two deletion 
mutants, competition was not significantly different from that 
of the wild type protein (Fig. 1). The muteins that had less than 
35% of wild type activity were investigated further. Five resi- 
dues in IL-lra were initially found to be sensitive to alanine or 
glycine substitution. Four of them, Trp-16, Gln-20, Tyr-34, and 
Tyr-147, were sensitive to substitution by other residues as 
well (Table I). At each of these residues, certain changes re- 
duced receptor binding by 100- fold or more. These four residues 
form a contiguous patch on the IL-lra surface, and two of them, 
Trp-16 and Tyr-34, correspond to residues Arg-11 and His-30, 
which have been previously identified as important in site A of 
IL-1/3. One of the four residues, Tyr-147, exhibited interesting 
receptor binding properties in that Y147G bound with lower 
affinity than wild type IL-lra to human IL-1RI (34%) but with 
higher affinity to the mouse receptor (252%). 

The fifth residue that exhibited ^35% of wild type activity in 
the initial screen, D74G, exhibited -30% of wild type IL-lra 
binding to the mouse IL-1RI but —50% binding to the human 
receptor. Since muteins D74A, D74F, D74C, and D74W all 

2 G. Vigers, unpublished data. 



exhibit normal IL-1RI binding activity to the human receptor 
(data not shown), we believe that this residue is not fundamen- 
tally important for IL-lra binding to IL-1RI. 

One additional residue, Gln-36, was investigated further 
(despite the fact that Q36G exhibited normal binding on EL4 
cells) due to the importance of the homologous residue on 
IL-10, Gln-32 (see below and Discussion). We found Q36F had 
only 1% of wild type activity (Table I), suggesting that this 
residue is also important for receptor binding. Gln-36 is adja- 
cent to the four important residues discussed above. 

The reduced affinity of muteins with changes at the five 
residues that make up the important binding site in IL-lra 
(Trp-16, Gln-20, Tyr-34, Gln-36, and Tyr-147) suggests these 
residues contribute to the interaction of IL-lra with IL-1RL 
However, it is also possible that the mutations may disrupt the 
tertiary structure of the muteins, which causes a reduction in 
receptor affinity. To address this issue, we performed high 
resolution one-dimensional NMR on wild type IL-lra and mu- 
teins Y34G, Q20A, and W16G. No significant differences were 
observed in the spectra of these four molecules, indicating 
there were no major differences among their structures. In 
addition, all muteins eluted at approximately the same salt 
concentration from an ion exchange column, suggesting that 
these molecules all have a similar conformation and overall 
charge. 

Seven IL-1/3 residues (Arg-4, Leu-6, Phe-46, Ile-56, Lys-93, 
Lys-103, and Giu-105) in the vicinity of the open end of the 
/3-barrel have previously been shown to be important for bind- 
ing to IL-1RI (Labriola-Tompkins et aL, 1991). Four of these 
seven are charged residues. Based on previously published 
sequence alignments (Stockman et aL , 1992), these charges are 
conserved in IL-lra and have been suggested to be important 
for receptor binding. Thus, the homologous region of IL-lra 
(Pro-50, Glu-52, His-54, Ser-89, Glu-90, Asn-91, Arg-92, Lys- 
93, Gln-94, Asp-95, Lys-96, Arg-102, Ser-103, Asp-104, Ser- 
105) was extensively mutagenized (Figs. 1 and 2, see also 
Vigers et al. (1994)) to investigate whether it had a similar 
function in the binding of IL-lra to IL-1RI. Interestingly, none 
of the changes in this region of IL-lra affected activity in the 
competitive receptor binding assay (Fig. 1). 

An additional residue near the carboxyl terminus of these 
proteins, IL-la Asp-151, IL-1/3 Asp-145, and IL-lra Lys-145, 
has been characterized as important for biological activity but 
not for IL-1RI affinity. Of particular interest is the human 
IL-lra mutein, K145D that has been shown to exhibit partial 
agonist activity on mouse cells but exhibits normal affinity for 
both the mouse and human receptors (Yamayoshi et aL, 1990; 
Ju et a/., 1991). This is consistent with our observation that 
replacing Lys-145 of IL-lra with glycine has no affect on recep- 
tor binding activity (Fig. 1). 

Site-directed Mutagenesis of /L-i/3— We performed site-di- 
rected mutagenesis on IL-1/3 to reevaluate the role of the 
known site A residues and to examine other IL-1/3 residues in 
the vicinity of this site. In addition, we wished to analyze 
residues in or near site B of IL-10. 

We find that three residues in the region of site A appear to 
be important for binding IL-1/3 to IL-1RI (Table. II). Two resi- 
dues, Gln-15 and His-30 of IL-10, align with IL-lra residues 
Gln-20 and Tyr-34, which were identified as important from 
the mutagenesis of that protein. The third residue, Gln-32, 
corresponds to Gln-36 of IL-lra, which was not originally iden- 
tified by the scanning mutagenesis shown in Fig. 1. However, 
further mutagenesis of this residue in EL- Ira did suggest its 
importance in receptor binding (Table I). 

Two IL-10 residues in the vicinity of site A that interact only 
slightly or not at all with IL-1RI are Arg-11 and Thr-147. 
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Others have previously reported that Arg-11 (which aligns with 
Trp-16 of IL-lra) is not critical for receptor binding but is 
important for biological activity (Gehrke et al, 1990). Our data 
are consistent with these observations. Thr-147 of IL-10 aligns 



Table I 

Receptor binding activity of IL-lra muteins 
Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described under "Experimental Procedures.** 
Each number represents a single assay except in the case of muteins 
that were assayed more than twice, where the number is the mean ± 
S.E. The number of assays performed is shown in parentheses. 



IL-lra mutein 


'\^fiJ(J type Activity 




% 


W16G 


tO -4- O t A\ 

1Z 3 O (4) 


W16K 


<1,<1 


W16M 




W16Q 


9,18 


W16R 


21 ± 2 (3) 


W16Y 


53,85 


Q20A 


6,8 


Q20Y 


<1,<1 


Q20D 


<1,<1,<1 


Q20K 


<1,<1 


Q20M 


18,22 


Q20N 


43,46 


Y34G 


21,23 


Y34K 


<1,<1 


Y34D 


7,11 


Y34H 


80,84 


Y34W 


88,98 


Y34M 


86,100 


Q36F 


<1,<1 


Y147G 


24,44 


Y147K 


<1,<1 


Y147T 


3,5 


Y147H 


41,69 


Y147M 


63, 69 



structurally with the important IL-lra residue Tyr-147 but is 
unimportant for IL-10 binding to IL-1RI, possibly due to the 
distinct chemical nature of the side chains involved. 

Site B residues in IL-10, Ee-56, Lys-93, and Glu-105 were all 
found to be sensitive to mutagenesis (Table ID, consistent with 
previously reported data (Labriola-Tompkins et a/., 1991). An 
additional important residue in this region of IL-10 is Lys-92 
(Table II). 

Location of Important Residues in IL-lra, IL-la, andlL-lfi — 
Fig. 2 shows an alignment of human IL-la, IL-10, and IL-lra, 
based on their three-dimensional structures. Highlighted on 
this alignment are the important residues for IL-1RI interac- 
tion identified by single-site mutagenesis, either in this work or 
previously by others. There are a number of key residues pres- 
ent on all three proteins in the equivalent spatial location. 
One residue that appears to be very important in all three 
proteins based on our mutagenesis data and the data from 
Gayle et al (1993) is IL-lra Gln-20, IL-10 Gin- 15, and IL-la 
Asn-29. Other residues important for binding IL-10 and IL-lra 
to the receptor but not critical for IL-la binding include IL-1/3 
His-30 and IL-lra Tyr-34, homologous to IL-la Ala-44, and 
IL-1/3 Gln-32 and IL-lra Gln-36, which is homologous to IL-la 
His-46. 

Fig. 3 shows the solvent-accessible surfaces based on the 
three-dimensional structures of IL-la, IL-10, and IL-lra with 
the important binding site residues of each protein highlighted 
on the structure. There is a remarkable correspondence in the 
spatial location of site A on all three molecules and an inter- 
esting difference between the two agonist proteins and the 
antagonist protein at site B, in that this site is present in IL-la 
and IL-10 but absent in IL-lra. 

For the three molecules, the total solvent-accessible areas of 
the binding site residues as indicated in Fig. 2 are approxi- 
mately 650, 1440, and 330 A 2 for IL-la, IL-10, and Il^lra, 
respectively. The total solvent-accessible area of each molecule 
is approximately 7500 A 2 . Since all three molecules have the 
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Fig. 2. Residues in IL-la, IL-10, and 
IL-lra identified by single-site mu- 
tagenesis as important for receptor 
interaction. Sequences are aligned as in 
Vigers et al (1994), based on x-ray struc- 
tures. Important residues are indicated 
by the following symbols: ♦ , ILla 
(Yamayoshi et al. t 1990; Kawashima et 
al., 1991; Gayle et at, 1993; Labriola- 
Tompkins et al, 1993); ■, 1L-1& (Mac- 
Donald et al. (1986), Gehrke et al (1990), 
Labriola-Tompkins et al. (1991), Grutter 
et al (1994), Ju et al (1991), and this 
work); IL-lra (Ju et al (1991) and this 
work). Shaded residues are in 0-strands 
according to Graves et al. (1990) for IL-la, 
Priestle et al. (1989) for IL10, and Vigers 
et al (1994) for IL-lra. 
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same affinity for the IL-1RI, one can conclude that IL-lra 
generates more binding energy from site A than do IL-la or 
I>l/3. To check whether the single site A of IL-lra could 
account for the observed binding affinity, we applied the equa- 
tions AG = -RT ln(K) and AAG = -RT IniKJKJ to the ob- 
served binding equilibria. We find that the wild type IL-lra has 
a change in free energy upon binding of approximately 52 
kJ/mol. Considering only the neutral mutations of Trp-16, Gln- 
20, Tyr-34, and Tyr-147 to glycine (Table I), the four residues at 
the center of site A in IL-lra account for at least 18.3 kJ/mol 
binding energy. If we consider the more extreme mutations to 
these four residues, e.g. W16K, and include Q36F, we can 
account for >53 kJ/mol. Thus there is reasonably close agree- 
ment between these numbers, considering the broad assump- 
tions made in the calculations. 
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DISCUSSION 

A simple way of defining the regions of a protein important 
for receptor binding is through the use of in vitro site-directed 

Table II 

Receptor binding activity of IL-1$ muteins 
Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described under "Experimental Procedures." 
Numbers represent the mean of at least two assays. 



11/- 1/3 mutcin 


Wild type activity 




% 


RiiG a 


45 


R11A" 


55 


Q15G° 


<1 


Q15H" 


130 


H30G" 


<1 


H30E n 


2 


H30A" 


10 


H30S" 


10 


Q32G tt 


<1 


I56G* 


10 


K92G* 


8 


K93G 6 


<1 


K93M 6 


<1 


K93Q 6 


5 


E105G 6 


30 


T147G" 


70 


° Site A residues. 
6 Site B residues. 



mutagenesis. This method has been used over the past few 
years by several groups to identify residues involved in the 
high affinity binding of IL-la and IL-1/3 to IL-1RL These 
studies have led to the conclusion that two distinct receptor 
binding regions (site A and site B) are present on both IL-la 
and IL-1/3. Site A, located on the side of the ^-barrel struc- 
ture, was originally identified by the mutagenesis of IL-10 
residues His-30 (MacDonald et al, 1986) and Arg-11 (Gehrke 
et aL, 1990). Recently, additional residues in this region have 
been identified on IL-la (Gayle et o7., 1993) and on IL-1)3 
(Grutter et a/., 1994). We have extensively mutagenized IL- 
lra and identified only five residues, Trp-16, Gln-20, Tyr-34, 
Gln-36, and Tyr-147, that are important for binding to the 
IL-IRL These five residues, when changed to glycine, were 
also found to be important for binding to recombinant soluble 
human IL-1RI using surface plasmon resonance technology 
on a BIAcore instrument. Glycine substitutions at other po- 
sitions had no significant affect on binding to human IL-1RI 
either on the surface of cells or to the purified receptor on the 
BIAcore. 3 All of these important amino acids map to site A, 
which is conformationally conserved among the 1L-1 family 
members. 

The chemical nature of the IL-lra site A side chains is 
critical for high affinity binding to IL-1RL as shown by the 
effect of amino acid substitution on binding. In addition to 
identifying substitutions that lead to a significant loss in 
binding, we have found some substitutions that have little or 
no affect on binding. In this regard, we show that replacing 
the aromatic amino acids Trp-16 and Tyr-34 in IL-lra with 
other aromatic amino acids has no significant affect on bind- 
ing. It is also interesting to note that Tyr-34 of IL-lra can be 
replaced with histidine, which is the corresponding residue in 
IL-1/3, with no loss in binding, and Gln-20 of IL-lra can be 
replaced with asparagine, which is the corresponding IL-la 
residue, with only a moderate loss in binding. In addition, 
Gln-20 and Gln-36 of IL-lra correspond to Gin- 15 and Gln-32 
of IL-1/3, based on the three-dimensional structures of these 
molecules. In light of the chemical similarity of site A among 
these proteins and the effect of mutagenesis of residues com- 
prising this site, it appears that this region is both struc- 
turally and functionally homologous among the three IL-1 
family members. 



s D, J. Dripps and J. Jordan, unpublished data. 




IL-1ra 



IL-11 




Fic. 3. Receptor binding sites in the IL-1 family. Comparison of the three-dimensional structure soK-ent-acccssible surface of IL-la IL-18 
and Ir^ ra S . . ¥ ? g , the re f^ ues im Portant for receptor interaction in red. Site A (common to all three proteins) is on the top of the molecules and 
site a (lound in IL-la and IH0 only) is near the bottom. Residues colored are the same as those marked in Fig 2 
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^^tapping the Receptor Binding Site of IlX 
IL-1 alpha or beta 
(Agonist) 



IL-lra 
(Antagonist) 



Fig. 4. A model of receptor binding 
and activation. The agonists, IL-la and 
IL-l/J, contact two sites on the receptor 
causing activation (indicated by the spi- 
ral), whereas IL-Ira contacts only one site 
and does not activate (indicated by the 
straight line). 




The second receptor binding region (site B) is located at the 
open end of the 0-barrel and includes IL-lj3 residues Arg-4, 
Lys-6, Phe-46, Ile-56, Lys-92, Lys-93, Lys-103, and Glu-105 
and IL-la residues Arg-16, Ile-18, Asp-64, Asp-65, De-68, Lys- 
100, Asn-108, Trp-113, Gly-17, and Gln-136 (Labriola-Tomp- 
kins et al., 1991, 1993). The area in IL-Ira that is structurally 
analogous to site B of IL-1/3 is not involved in binding to IL-1RI. 
A careful comparison of IL-1/3 and IL-lra in this region re- 
vealed very significant structural differences between the two 
molecules (Vigers et al. t 1994). Thus, the difference in function 
in this region between the agonists and the antagonist is con- 
sistent with this being the region exhibiting the greatest dif- 
ference in structure between these two classes of protein. 

Through the extensive use of site-directed mutagenesis, we 
have demonstrated that the IL-1 antagonist is missing one of 
the two receptor binding regions identified on the two IL-1 
agonists. This finding suggests a model for receptor activation 
in which IL-la and IL-1/3, by contacting two sites on IL-1RI, 
causes activation, but IL-lra, in making contacts with the 
receptor at only one of the two receptor binding sites, is unable 
to induce an IL-1 -like signal (Fig. 4). An alternative model, in 
which the IL-1 agonists act by dimerizing two IL-1 receptors 
molecules, as in the case of human growth hormone (Wells et 
al., 1993), or by forming a heterodimer of IL-1R1 and the 
recently identified IL-1 receptor accessory protein (Greenfeder 
et al. , 1994) is also possible and is consistent with the observa- 
tion that IL-lra binds with a substantially higher affinity to 
the soluble form of IL-1RI than either IL-la or IL-10 (Swenson 
et al. t 1993). However, dimerizing two IL-1RI molecules seems 
unlikely because attempts to demonstrate the involvement of 
aggregation of IL-1RI by either IL-la or IL-10 in receptor 
activation have been unsuccessful (Slack et al. t 1993). In addi- 
tion, binding experiments with IL-10 muteins and soluble IL- 
1RI on the BIAcore indicate that site A and site B residues both 
interact with the purified IL-1RI. 4 

IL-lra binds to IL-1RI with the same affinity as the IL-1 
agonists but uses only one binding site instead of two. Since 
site A of IL-lra is compact and generates high affinity binding 
with the IL-1RI, it may act as a template for rational design for 
a small molecule IL-1 antagonist. Such a small molecule is 



4 P. Caffes and R J. Evans, unpublished data. 



likely to contain pharmacophoric elements that match side- 
chain atoms of the site A residues. Additional structure-func- 
tion studies are being done to further discern how these side 
chain atoms of IL-lra contact residues in IL-1RL 
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of three immunoglobulin-like domains which wrap around IL-1B 
in a manner distinct from the structures of previously described 
cytokine-receptor complexes. The two receptor-binding regions 
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on IL-lp identified by site-directed mutagenesis 2 * 3 both contact 
the receptor: one binds to the first two domains of the receptor, 
while the other binds exclusively to the third domain. 

Human IL1R was first cloned from T cells' and its sequence 
predicted a mature receptor consisting of a 552 amino-acid protein 
containing an extracellular ligand-binding domain of 319 amino 
acids having three immunoglobulin-like (Ig-like) domains, a single 
transmembrane segment, and a 213 amino-acid cytoplasmic 
domain. IL-lot, IL-ip and IL1RA (IL-1 receptor antagonist) all 
bind to IL1R and although they share only about 25% amino-acid 
sequence identity, these molecules all have the same P-trefoil, 12- 
stranded p-barrel structure 5 . In order to further our understanding 
of IL-1-IL1R interactions we have solved the crystal structure of 
recombinant human IL-10 bound to recombinant human s-ILlR. 
The current structure has an R- factor of 23.2% at 2.5 A resolution. 

The IL-lp-s-ILlR complex structure (Fig. 1) was solved using a 
combination of molecular replacement and multiple isomorphous 
replacement (MIR) phasing methods (Table 1). The complex has 
rough dimensions of 97 A X 52 A X 35 A with one s-ILlR molecule 
wrapping around the IL-ip molecule to contact both the receptor 
binding sites previously identified by structure : function studies 2 * 3 . 
As predicted by its sequence, s-ILlR has three Ig-like domains (see 
Fig. 1). All three Ig-like domains contain a conserved pair of 
cysteines and a tryptophan residue about 14 residues after the 
first conserved cysteine of each domain. Domain 3 is of the c-type, 
seven-stranded variety 6 , similar to the immunoglobulin (Ig) con- 
stant domain whereas domains 1 and 2 are more unusual topolo- 
gical!^ In both of these domains, strand a is strand-switched to the 
'front' face of the barrel, as seen in some v-type Igs, but the c' strand 
is very short (as in constant domains) and the c" strand is not 
detectable. Strands d and e are also extremely short, and are 
comparable in length to those seen in the cell-adhesion molecule 
N-cadherin 7 (Protein Database (PDB) entry 1NCG). Furthermore, 
strands c, d and e are on the distal side of domains 1 and 2 from the 
IL-lp molecule, and are not involved in IL-1 binding. Thus, all three 
domains of the IL1RI are most simply classified as c-type. Domains 
1 and 2 are closely juxtaposed, with a disulphide bond (CI 04- 




Figure 1 Left. Ribbon diagram of s-ILIR complexed to IL- 1 (i Domains 1, 2 and 3 of 
s-IU R are coloured light, medium and dark blue, respectively. IL- 1 0 is yellow, with 
site A residues in green and she 8 residues in red. Middle, Ribbon diagram of the 
structure of (L- 1 0 bound to s-IU R. The p-strands are shown as arrowed ribbons in 
green, a-helices are red, and the connecting loops are purple. The structure is 
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C147) holding them together, whereas domain 3 is connected by a 
5-residue linker (L201-K205). Domain 3 provides a 'lid* which 
covers most of the top of the IL-ip P-barrel, whereas domains 1 and 
2 form a groove which binds to the lower rim of the barrel. 

The structure of IL-ip does not change substantially upon 
binding. The r.m.s. deviation in position for all non-hydrogen 
atoms is 1.76 A between the starting structure of IL-ip 8 and the 
refined complex structure. Maximum differences are seen at Q32 
(r.m.s.d. = 5.6 A), K88 (r.m.s.d. = 5.5 A), Q141 (r.m.s.d. = 4.3 A) 
and the C- terminal Si 53 (r.m.s.d. = 9.6 A). Of these residues, Q32 
is involved in receptor binding, whereas the other three are in 
flexible loops of the molecule. Minimum differences are seen in 
residues such as A59, L60, F112 and F133 (all about 0.2 A r.m.s.d.) 
which are involved in the packing of the hydrophobic core of the 
IL-lp 5 . 

Extensive site-directed mutagenesis work has delineated two 
receptor-binding sites on IL-lot and IL-ip and one on IL1RA. 
Figure 2 shows that on IL-ip the two binding sites correspond 
extremely well with residues buried in the receptor : ligand interface. 
For example, Gin 15 (shown in blue in the middle of Fig. 2) lost 
100% of its IL1R binding activity when mutated to glycine, and 
116 A 2 of its solvent-accessible surface is buried upon binding s- 
IL1R. In addition, numerous residues, which showed a loss of 30- 
50% of their receptor binding activity upon conservative muta- 
tion, are located on the edges of the binding sites and show 
corresponding changes in computed solvent accessibility upon 
receptor binding. These results demonstrate the utility of muta- 
genesis studies for mapping ligand : receptor contacts. 7 

The binding site common to all three IL-1 family members, on the 
'side of the IL-ip P-barrel (site A), makes contacts with P-strands 
al, a2, b2 and the b2-c2 loop in domains 1 and 2 of the receptor 
(Fig. 1) and consists of residues 11, 13-15, 20-22, 27, 29-36, 38, 
126-131, 147 and 149. The critical binding residues Argil and 
Gin 15 contact domain 2 whereas His 30 and Gin 32 bind in the 
domain 1 -2 junction. The surface of the receptor at this binding site 
has a number of pockets that will accept side chains of IL- 1 p. Thus a 
significant component of the binding energy at this site probably 




oriented so that the carboxy terminus of s-IU R and the cell membrane, if present, 
are at the bottom of the picture. Right. Topology diagram of S-IL1R. The IL-t(J- 
binding elements in site A and site 9 are coloured green and red. respectively. 
Secondary structural elements are not to scale. 
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comes from van der Waals contacts between IL-ip and s-ILlR. 
Interestingly, the position of Gin 32 has moved by more than 5 A 
from its position in the unliganded X-ray structure, and now fits in 
a deep pocket on the s-ILlR (Fig. 3). 

Site B, the second binding site identified on IL-la and IL-10 but 
not IL1 RA, is on the top of the (3-barrel and is formed by residues 1 - 
; 4, 6, 46, 48, 51, 53-54, 56, 92-94, 103, 105-106, 108, 109, 150 and 
152. Site B makes contacts only with domain 3 of s-ILlR. Previous 
work from our group 5 suggested that site B of IL-lp was composed 
of a 'horseshoe* of hydrophilic residues surrounding several hydro- 
phobic residues. As shown in Fig. 3, both the hydrophilic residues 
(Arg 4, Gin 48, GIu 51, Asn 53, Lys 93, Glu 105 and Asn 108) and the 
hydrophobic residues (Leu 6, Phe 46, He 56 and Phe 150) do indeed 
contact IL1R over a large and relatively flat surface (formed by |3- 
strar.ds c3, d3, f3, g3 and the b3-c3, c3-d3, f3-g3 and g2-a3 loops), 
which is complementary to IL-lp in hydrophobicity. Thus, the 
binding energy of site B appears to be more dependent upon 
hydrophobic and hydrophilic interactions than in site A. Because 
IL1RA lacks the distinctive 'horseshoe' feature of IL-ip, formation 



of the IL1RI-IL1RA complex will presumably not make the same 
energetically favourable site B contacts seen in this structure. 

Calculating the changes in solvent-accessible area of the IL-1B on 
binding s-ILlR, 1,087 A 2 are buried in site A over 25 residues and 
1,001 A in site B over 21 residues, for a total of 2,088 A 2 overall In 
addition to the hydrophilic-hydrophobic interactions described 
above (which are particularly apparent for site B), both binding sites 
also make extensive use of salt bridges and hydrogen bonds. Site A 
and site B have 10 and 13 salt bridges, respectively, and both sites 
also contain seven intramolecular hydrogen bonds (as deduced 
from the X-ray structure). It is interesting to note that in this 
complex, the ligand-binding interactions are with the P-strands in 
the faces of the Ig-like domains, not with the 'elbow' formed by the 
loops between the domains, as seen in the structures of interferon- 
7-mterferon-7 receptor 9 , human growth hormone-human growth 
hormone-binding protein 10 (PDB entry 3HHR) and the erythro- 
poietin mimetic peptide-erythropoietin-binding protein 11 (PDB 
entry 1EBP). Also, in previously determined cytokine- receptor 
structures, whereas the cytokine might exist as a monomer 




Figure 2 Surface representations of IL-ip. Left, Structure of unbound IL-ip 8 ; 
spectral colouring based on site-directed mutagenesis experiments. Blue resi- 
dues lost 100% of IL1R binding activity, red residues lost no activity, and grey 
residues were not done. Right, Structure of lL-1p from the complex coloured to 



show the change in solvent-accessible area upon complex formation*. Blue 
residues bury 100 A 2 or greater, and red residues bury 2 A 2 . Grey residues bury 
less than 2 A 2 . Site B is at the top and site A faces the viewer. 



Table 1 MIR data 



Data set 
Native* 



HgCI2.1 



HgC12_2 



PtCL 



PtCI_2 
C71S..U 



C7lS_2t 



Q126C.U 



Q126C.2* 



Resolution 
(A) 

2.5 



3.0 



2.8 



3.0 



3.0 



3.0 



2.5 



3.0 



2.5 



(last shell) 

6.6 
(10.4) 



75 
(27.2) 



8.1 
(31.4) 



6.1 
(276) 



7.8 
(30.7) 



7.2 
(198) 



6.6 
(19-6) 



7.3 
(23.7) 



4.9 
(18.3) 



Completeness 
(last shell) 

96.2 
(94.9) 



79.3 
(29.5) 



97.4 
(98.5) 



84.4 
(91.6) 



76.5 
(80.4) 



74.7 
(80.3) 



93.0 
(95.2) 



78.7 
(85.8) 



94.3 
(972) 



* Data merged from two data sets. 

t IL-ip. mutated so that cysteine 71 is serine. 

X IL- ifc mutated so that cysteine 7i is serine and gJutamine 126 is cysteine. 



(last shell) 

28.03 
(10.94) 



15.11 
(5.46) 

13.74 
(4.51) 



15.31 
(4.55) 



15.07 
(5.33) 



14.15 
(6.23) 



16.66 
(5.79) 



15.93 
(5.95) 



Sites in) 



17.90 
(6.85) 



50.0 



64.0 



76.0 



75.0 



63.0 



72.0 



74.0 



86.0 



48.0 



62.0 



66.0 



68.0 



62.0 



71.0 



63.0 



78.0 



70.0 



70.0 



60.0 



80.0 



80.0 



80.0 



80.0 



80.0 



Phasing 
power_a 



2.0 



1.5 



1.2 



1.6 



0.9 



Phasing 
power_c 



1.7 



1.2 



1.0 



1.2 



1.0 
0.8 
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Figure 3 Stereoscopic surface representations of s-ILI R and ribbon diagrams of 
IL-1 £ Top, Site A. Bottom, Site B. Side chains in IL-1 |J and the surface of s-ILlR are 



(hGH), dimer (IFN7) or trimer (TNFP) 12 , in every case two or more 
receptors bound to the cytokine and each receptor made a single 
contiguous surface contact with the cytokine. The s-ILlR binding 
motif thus provides a new model for receptor-cytokine interac- 
tions. 

IL-1 signalling is believed to result from the formation of a 
ternary complex consisting of an IL-1 agonist, IL1R and IL1R 
accessory protein (ILlRAcP) 13 . When IL1RA binds IL1R, the 
ternary complex is not formed and signalling does not occur. 
Formation of the ternary complex therefore presumably requires 
an epitope that is created when IL1RI binds IL-ip but not IL1RA. 
Whether the epitope is created by formation of the receptor-ligand 
interface, or by conformational changes of IL1RI on complex 
formation, has yet to be determined. Site-directed mutagenesis of 
additional surface residues in IL-1 and IL1R, and solving the 
structure of the ternary complex, will further advance our under- 
standing of the IL-1 family members* activities. □ 

Methods 

Purification and crystallization. Recombinant human s-ILlR (residues 1- 
315, GenBank numbering) was expressed in Escherichia colu refolded and 
purified using an IL1 RA affinity column, MonoQ ion-exchange column and gel 
filtration column (BJ.B. et a/., manuscript in preparation). Wild-type and 
mutants of IL-lp used for heavy-atom phasing were generated and purified as 
described previously 3 , the mercury chloride derivative was found to derivatize 
the cysteines only in IL-10, therefore cysteine mutants of IL-1 0 were made to 
augment the phase information available. All mutants that were crystallized 
I and derivatized were isomorphous with native, wild -type complex crystals. The 
I s-ILlR was incubated overnight in a fivefold molar excess of IL-1 p, purified 
I over a Superdex 75 column and concentrated to 5 mg ml * ' . Crystals were 
j grown by hanging-drop diffusion against l.S M ammonium sulphate, lOOmM 
i MES pH 6.0 at 0-4 °C The crystals grew to about 0.4 X 0.4 X 3 mm in 1-2 
I weeks. 



coloured red for hydrophobic residues and purple for hydrophilic residues. The 
IL-lp backbone ribbon is yellow. 



Data collection and phasing. Initial characterization of the crystals and 
searches for heavy-atom derivatives were performed on room -temperature 
crystals in an artificial mother liquor containing 2.8 M ammonium sulphate, 
100 mM MES pH 6.0. However, the crystals proved to be very radiation 
sensitive at room temperature and all data sets for MIR phasing and refinement 
were therefore collected on cryo-cooled crystals. Crystals were cryoprotected 
with 25% glucose, 1.3 M ammonium sulphate, 100 mM MES pH 6.0 and 
diffracted to 2.5 A resolution. The crystals were of space group C2 with unit 
cell dimensions a - 146.95 A, b = 68.45 A, c— 65.87 A, a = 7 = 90.0°, 
p = 108.95°. X-ray data were collected on an R-axisII area detector, reduced 
using Denzo and Scalepack 14 and processed using the CCP4 suite of programs 
including MLPHARE and DM ,S . The position of the IL-1(S molecule in the 
complex was determined by molecular replacement with X-plor 3.1 from the 
PDB coordinates pdb2ilb.ent 8 . 

Structure refinement. The s-ILlR structure was traced and rebuilt using 
program O 1 *. Refinement by conjugant gradient and simulated annealing 
was performed in X-PLOR 3.1 17 for all reflections with F> 2o(F) from 15.0 
to 2.5 A (n = 20,723). All solvent- accessibility calculations were performed in 
X-PLOR using the method of Lee and Richards 18 , using a 1.4 A radius probe 
and assuming that the ligand and receptor structures do not change signifi- 
cantly upon binding. Potential hydrogen bonds were determined using the 
'Hbonds_aU' facility in O. Salt bridges were assigned in X-PLOR by picking all 
intermolecular oxygen- nitrogen pairs separated by 3i4A or less. Secondary 
structure assignments were made with the YASSPA algorithm in O and pictures 
were generated using Setor". The current structure contains 31 ordered water 
molecules and a bulk solvent correction (sol density = 0.40, sol rad = 0.25) 
was used for the glucose cryoprotectant. The K-factor of the current structure is 
R — 23.2% with a free K-factor of 33.1%. In the MIR maps, part of the amino 
terminus of the first Ig-like domain showed only weak density. For this reason 
residues 1-8 and 30-41 are not modelled, and the 40-54 loop is poorly 
defined. Fortunately, this region is distal to the IL-1 binding site, and so does 
not significantly affect the conclusions of the study. The r.m.s. deviations from 
ideality are 0.012 A for bond lengths and 1.98° for bond angles. Running 
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| Procheck on the refined structure showed that four residues are in disallowed 
regions of the Ramachandran plot. Two of these residues (Ell and Q53) are in 
the poorly defined region of the molecule whereas the other two (LI 86 and 
N246) are at the apex of very tight loops. 
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Inflammation, regardless of whether it is provoked by infection or 
by tissue damage, starts with the activation of macrophages which 
initiate a cascade of inflammatory responses by producing the 
cytokines interleukin- 1 (IL-1) and tumour necrosis factor-a (ref. 
1). Three naturally occurring ligands for the IL-1 receptor (IL1R) 
exist: the agonists IL-1 a and IL-lp and the IL-1 -receptor antago- 
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nist IL1RA (ref. 2). IL-1 is the only cytokine for which a naturally 
occurring antagonist is known. Here we describe the crystal 
structure at 2.7 A resolution of the soluble extracellular part of 
type-I IL1R complexed with IL1RA. The receptor consists of three 
immunoglobulin-like domains. Domains 1 and 2 are tightly 
linked, but domain three is completely separate and connected 
by a flexible linker. Residues of all three domains contact the 
antagonist and include the five critical IL1RA residues which were 
identified by site-directed mutagenesis 3 . A region that is impor- 
tant for biological function in IL-1 (5, the Veceptor trigger site', is 
not in direct contact with the receptor in the IL1RA complex. 
Modelling studies suggest that this IL-lp trigger site might induce 
a movement of domain 3. 

A soluble form ofthe IL-1 receptor, comprising residues 1-311, 
was expressed in insect cells and purified by affinity 
chromatography 4 . The soluble receptor was mixed with recombi- 
nant IL1RA at a ratio of 1:1 and was crystallized from 30% PEG3350 
at pH 7.0-7.5'*. The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 27 A resolution to an R factor of 21.1% {R^ ~ 31.4%) 
with excellent geometry (see Methods and Table 1). A representative 
sample ofthe original squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fig. 1. 

The 1L1R molecule resembles a question mark which curls round 
the IL1RA molecule held in its centre (Fig. 2a). The IHRA consists 
of a six-stranded (3-barrel closed at one side by three P-hairpin loops 
and is similar to the structure of the free molecule we solved 
previously 5 . The root-mean-square (r.m.s.) differences in alpha 
carbon (Ca) positions between bound and free IL1RA are 0.7 A 
and 0.8 A, respectively for the two independent IL1RA molecules 
present in the crystals of the free IL1RA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54. This 
loop interacts with the third IL1R domain but is partially disordered 
in the free antagonist. Upon binding to TL1R, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation ofthe side 
chain of His 54 towards the receptor, and a change in conformation 
from cis to trans for Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent-exposed, flexible side chains, 
namely those of Lys64, Glu 75, Arg77, Lys93, Lys96, Asp 138, 
Glu 139 and Lys 145. 

As predicted 6 , the folding of the three 1L1R domains, consisting of 
a sandwich of two P-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1 -94 and 
106-198) is distantly related to the telokin I-set 7 topology, although 
it diverges significantly from the canonical I-set structures. A P- 
bulge is present between residues 8 and 1 1 in strand a of domain 1. 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3-4 residues. Strands g and f in domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val 64 of domain 1 , and Tyr 182, Leu 1 83, 
Tyr 187, Pro 188 and Thr 190 of domain 2. Domains 1 and 2 are 
linked through a well-defined P-turn between Pro 98 and Asn99 
which lies on top of the agfee' sheet (Fig. 2b). Domains 2 and 3 are 
connected through an extended, flexible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213, 229 and 243. The electron density 
quickly disappears after the first N-acetylglucosamine unit, indicat- 
ing that most sugar units are disordered. The first attachment site, 
Asn 173, is at the surface of the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 213, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their sugar chains will be close to the cell membrane. Interactions of 
these sugar chains with the membrane could help to stabilize the 
orientation of the IL1R with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type-l 
IL1R with homologous proteins (Fig. 3) reveals a number of 
conserved sequence motifs: the conserved disulphide link and 
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EXHIBIT 6 



I 



| Procheck on the refined structure showed thjt four residues are in disallowed 

j regions of the Ramachandran plot. Two of these residues (Ell and Q55) are in 

j the poorly defined region of the molecule whereas the other two (L1S6 and 

! N24o) are at the apex of very tight loops. 

j Received 18 November 19%; accepted 20 Unitary 1997. 
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by tissue damage, starts with the activation of macrophages which 
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nist IL1RA (ref. 2). IL-1 is the only cytokine for which a naturally 
occurring antagonist is known. Here we describe the crystal 
structure at 2.7 A resolution of the soluble extracellular part of 
type-I IL1R complexed with IL1RA. The receptor consists of three 
immunoglobulin-iike domains. Domains 1 and 2 are tightly 
linked, but domain three is completely separate and connected 
by a flexible linker. Residues of all three domains contact the 
antagonist and include the five critical IL1RA residues which were 
identified by site-directed mutagenesis 3 . A region that is impor- 
tant for biological function in IL-lp, the 'receptor trigger site', is 
not in direct contact with the receptor in the IL1RA complex. 
Modelling studies suggest that this IL-lp trigger site might induce 
a movement of domain 3. 

A soluble form of the IL-1 receptor, comprising residues 1-311, 
was expressed in insect cells and purified by affinity 
chromatography 4 . The soluble receptor was mixed with recombi- 
nant IL1RA at a ratio of 1:1 and was crystallized from 30% PEG3350 
at pH 7.0-7.5 4 . The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 2.7 A resolution to an R factor of 21.1% (R^ = 31.4%) 
with excellent geometry (see Methods and Table 1). A representative 
sample of the original squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fig. 1 . 

The IL1R molecule resembles a question mark which curls round 
the IL1RA molecule held in its centre (Fig. 2a). The IL1RA consists 
of a six-stranded P-barrel closed at one side by three P-hairpin loops 
and is similar to the structure of the free molecule we solved 
previously 5 . The root-mean-square (r.m.s.) differences in alpha 
carbon (Cot) positions between bound and free IL1RA are 0.7 A 
and 0.8 A, respectively for the two independent IL1RA molecules 
present in the crystals of the free IL1RA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54. This 
loop interacts with the third IL1R domain but is partially disordered 
in the free antagonist. Upon binding to ILIR, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation of the side 
chain of His 54 towards the receptor, and a change in conformation 
from cis to trans for Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent-exposed, flexible side chains, 
namely those of Lys64, Glu 75, Arg77, Lys93, Lys96, Asp 138, 
Glu 139 and Lys 145. 

As predicted*, the folding of the three IL1R domains, consisting of 
a sandwich of two P-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1-94 and 
106- 198) is distantly related to the telokin I-set 7 topology, although 
it diverges significantly from the canonical I-set structures. A P- 
bulge is present between residues 8 and 1 1 in strand a of domain 1 . 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3-4 residues. Strands g and f in domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val 64 of domain 1, and Tyr 182, Leu 183, 
Tyrl87, Pro 188 and Thrl90 of domain 2. Domains 1 and 2 are 
linked through a well-defined P-turn between Pro 98 and Asn 99 
which lies on top of the agfee' sheet (Fig. 2b). Domains 2 and 3 are 
connected through an extended, flexible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213, 229 and 243. The electron density 
quickly disappears after the first /V-acetylgiucosamine unit, indicat- 
ing that most sugar units are disordered. The first attachment site, 
Asn 173, is at the surface of the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 213, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their sugar chains will be close to the cell membrane. Interactions of j 
these sugar chains with the membrane could help to stabilize the ' 
orientation of the ILIR with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type-I 
ILIR with homologous proteins (Fig. 3) reveals a number of 
conserved sequence motifs: the conserved disulphide link and 
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tryptophan, present in the core of nS^immunoglobulin domains, 
are absolutely conserved with the exception of ILlR-related protein 
(IL1RR). A motif that appears to be specific for the IL1R family 
domains 1 and 2 is a proline immediately after the first cysteine of 
the conserved core disulphide link. This proline disrupts strand b 
and is responsible for the very short bed sheets observed in domains 
1 and 2 of the IL1R. The presence of Asp 20 and Arg 22 on strand b 1 
at positions usually occupied by highly conserved hydrophobic 
residues is unusual. The two residues form, together with Ser 14, a 
hydrophilic cluster in what would otherwise be the hydrophobic 
core. Almost perfectly conserved is a DxGxYxC motif at the 
beginning of strands fl and ft. This motif indicates the presence 
of a D4 tyrosine corner and is found in many immunoglobulin 
variable domains 8 . The cysteine of the motif (76 and 176 in IL1R) is 
part of the core disulphide link. The hydroxyl of the tyrosine makes 
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a hydrogen bond wrMhe carbony! oxygen of residue n - 4, usually 
Asp. In domain 1, this Asp makes a salt link with a conserved Arg at 
the beginning of strand d. The conserved Gly residue in the motif 
allows the main chain to curve around the tyrosine side chain. 
Although a D4 tyrosine corner is not present in IL1R domain 3 (the 
Tyr has been replaced by a Phe and there is a one-residue insertion), 
the overall conformation of the main chain is similar. Glu 18, at the 
beginning of strand bl, and Thr 190, halfway along strand g2, make 
a hydrogen bond in ILIR. These residues are conserved in all 
sequences, except FGR4, suggesting that the hydrogen bond 
between them is conserved as well. This would mean that the 
orientation of domain 1 with respect to domain 2 is similar in 
these proteins. We conclude from the presence of these common 
sequence motifs that the proteins listed in Fig. 3 are all similarly 
folded. 




Figure 1 Stereo view of the squashed MIR map contoured at icr. Shown is the receptor-antagonist interface in the region around Trp 16 of the antagonist. The refined 
model of the IL1 RA is shown in yellow; IL1 R is in green. 



Table 1 Crystallographic data 



Data colleaion and phasing statistics 

Data set Native 

Measured reflections 73.407 

Unique reflections 15.631 

Resolution (A) 2.7 

Completeness (%) 972 

flmenjeW 6.0 

*«o(%)t 
Binding sites 
Phasing power* 

Mean figure of merit 0.47 

Refinement statistics 
Number of protein atoms 
Number of sugar atoms (NAG) 
Number of water moelcules added 
Resolution range 
Data cutoff 

R factor (number of reflections) 
fltree {number of reflections) 
Rvb& (number of reflections) 
Average temperature faaor 

R.m.s. deviations with respea to ideal (target) values 

Bond lengths 
Bond angles 
Dihedrals 
Impropers 



HgtCNfe 

71.530 
15.725 
2.7 
98.2 
6.0 
22.3 
1 

1.29 
0.58 



3.638 
56 
86 
8.0-2.7A 
None 
21.1% (13,487) 
31.4% (1.525) 
22.2% (15.012) 
45.2 A 2 



0.004 A 
1.2* 
26.5° 
1.0° 



K 2 PtCU 

66.081 
14.086 

2.8 
98.5 

6.8 

14.8 

2 

0.91 
0.63 



Hg{CN) 2 

+ K 2 PtCU 

43.056 
10,835 
3.0 
92.4 
7.5 
39.7 
3 

0.68 
0.69 



NAG, A/-acety1glucosamine. 
•fl^ - ^ IC -«U|/E^ f (U>. 

% Phasing power = E*,, | F», | | lack of dosurel. 

= (tack of dosureVftsomorphous differences) for centric reflections, as calculated by HEAVY' 1 . 
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A large area of 1,774 A 2 of the IL IRA surface and 1,767 A 2 of the 
receptor surface (calculated by using DSSP 9 ) gets buried upon 
receptor binding (Fig. 4). This area corresponds to about 20% of 
the total surface of IL1RA and may explain the tight binding 
(~10~ 9 M) 6 of the antagonist to the receptor. 

The IL1RA molecule interacts with all three receptor domains. 
Leu 25, Arg 26, Asn 27, Glu 29, Leu 42 and Pro 1 30 contact strand a 
and loop be in the N-terminal half of receptor domain 1. The loop 
comprising residues 34-39, which is fully exposed in the crystal 
structure of free IL1RA 5 , fits in the cleft between domains 1 and 2. 
Arg 14, Trp 16, Val 18, Asn 19, Gin 20, Ala 127, Asp 128, Tyr 147 and 
Gin 149 contact strands of both sheets of the jft-sandwich of domain 
2, Finally, Ser 8, Lys 9, Pro 50, lie 5 1 , Pro 53, His 54, Leu 56, Glu 1 50 
and Asp 151 contact loops be and fg at the top of domain 3 (Fig, 2). 

The interactions between the IL1R and the antagonist are mainly 
polar in character. We observe only three hydrophobic contacts 
(Table 2). Surprisingly, despite the many charged residues on the 
IL1R and the antagonist, we find only two direct and one indirect 



T able 2 Selected interactions (rf <; 3.5 A) between the IL1 R and IL1 RA 

Side-chain-side-chain interactions Interactions involving the main chain 



Receptor Antagonist Receptor Antagonist 

Salt links Receptor side chain to antagonist main chain 

Glu8 Arg26 Lys9 Leu25 

Arg268 Glu 150 Glu 126 Ala 127 

Hydrogen bonds Tyr 124 Tyr34 

Tyr 124 OH Aspl28o52 Arg 160 Val 18 

Ser235 0-r Gin 11 0*1 Receptor main chain antagonist side chain 
Hydrophobic contacts He 11 Asn 39* 

He 10 Leu 42 Val 13 Gin 36' 

Leu 198 Trp 16 Ala 106 Gin 36 

Pro 113 Tyr 147 Lys 111 Trp 16 

Lys 111 Gin 20* 

Gly 119 Gin 20 

Receptor main chain to antagonist main chain 
He 107 Gly37 
Asn 296 Pro 53 

Thr297 His 54 



• These residues make two hydrogen bonds: one from the side-chain amide to the main- 
chain carbonyl, and one from the side-chain carbonyl to the main-chain amide. 




Figure 2 Structure of the IL1R:IL1RA complex, a. Ribbon diagram 29 . Shown are 
tvye views of the complex. 90* apart. The antagonist is yellow, the receptor 
domains i. 2 and 3 are red, green and blue, respectively. In the fulMength receptor, 
the C terminus of domain 3 (blue) is connected to the membrane-spanning 
domain. This means that in the natural situation, the membrane will be near the 
bottom of the figure, b. Topology of the ILi R. The secondary structure elements 
have been determined by DSSP 9 . The lengths of the strands are proportional to 

| the number of amino acids they contain. Receptor residues that are buried by the 

I ligand are indicated by a star. 




196 



NATURE I VOL 386 1 13 MARCH 1997 



letters to nature 



ai 



III R.bunan 
I L lS.hunan 
I LI RR_human 
A cP.nur i ne 
ST2 .bora an 
FGR4_hunan 



ILiR_hunan 
ItlS. human 
ILlRR_hunan 
Ac P.nur ine 
ST2_huaau 
PCR4 _huraa n 



IL1 R _ hu ra a n 
I L 1 S_huma n 
I L 1 RR_human 
AcP_mur ine 
ST2 _hun an 
PGR4_human 



IL1 R_hu nan 
ItlS.bumao ' 
IL1 RR_human 
AeP.nmr ine 
ST2_human 
PCR4_huoan 



ILlR.huma n 
I LI S.hunan 
I L 1 R R_h urn o n 
AcP_nur ine 
ST2_bunau 
PCR4_human 



dkckar a «KI I LVS6AN 

ttlqpaahtg iancrlrgr bYKREFRLEG 

#«ct iRPHl TVVEG 

aba aarcddwgld t MROJ OVFEO 

SKQSWGLEN . 

aaavaf apclapat aq qEQELTVALG QEVRLcSgRA ERGG- 



OVfiPflLN PNEHK a£t T1 

JVAtfiBov PYWLW a avaprTnlT 

FYLKHCSC SLAME | « 1 1 ~ 11 

>ARI KHLF EHFLKyayat abaagl A | 

li VRflKo gkpsy- - : r. 4 




>OSktpv* taqaa 52 

, OSar t v p geea t 7 t 

SSGaqabv ilnprtsi-. 55 

TROdrdt* apiatrlpan 73 

SQTokal p t qtra 43 

.EGSrt apa g 5 3 




P { rs?rs:lSlr r;;::::::: :::::::::: ::::::2£§ fe?S?PL?X ;ss 

«« ivlqoftllt 0 d.M aaadd adpkabrdpa orhaypQQAP YWTHPotSSk I33 



KLpva* - - gd 

I Ltt a t a 

I Vevk - -kf 
HKoyl -abfll 
TVaga- . ikn 
KLbav pagnt 




f fcnanMELPK 
f ( r d- KTOVK 

q TLVMS 

yf pa- 8VKPS 

y MWT AP 

NPTPT 



2* t , 

„CP£ LLOJjfHFSgv kdrltvnuva a K HI 

iSLLti OKOtfEKFLav rgttbllvfad val 

IKtl LLEftNKNPt I kkaaal 

El VOFHNVLPag mnl af I I pi v &S\ 

_ L* QGSRYRAHka flvldnvo* h£ 

IGQAF HGEHfll GGi r Irhqbwalva aavvpSOl 




1ASYTYL 103 

ILTFAHE 201 

/HFLHHM 173 

IVTYPEM 202 

CFI HMEM 168 

.VENAVG 20 7 




aflllaaakp trpVivspan at me- - VOL 

... alrtkkfckee tlffvUtpU tit ASL 

TJ aitlvadran I vpvJ I gpkf nnva--VEL 
iTv tvkvvgapfcd alptpqtyapa drvvyaKEf 

iTr aftvkdaqgf allpvlgapa qnal kaVEl 

lYLLOv larapbrpll qagl pant t 




GOI adl 

LGTGTPLTTM 
LKa adv 

FSf I ndabciE 
C FGKQTQFLAA 
30a- - qphl q 




yyavanpank rrat I J tv£*J tiSEl ESRFYK HP] 

• gpfqayaan oanyi avpCJ FOPVTREOL^H MD 

mflmipag-- -kwbaafcvCR ifftEMI GESMbM VLj 

•avayaat-- adetrtqit& PKKVTPEOfcR RNl 

Adgqnqafad gl acl drnvLfl ^AOVKEEOlL LQ 

yvqvlkta-- dl aaaavaVL YLRNV3AE0A GE 




daayl qfi I ypvt nf qk- 
LSfqtlrttv kaaaat I aw- 
dt kaf 1 11 vrkadmadl p 
aeqaakv kqk>vlppryt 
rrbtvre arkopakacf 
ayqaaaC t wl paadpt » 



daddpvl gad 257 
•taypggrvt 278 
tdpal haaka 247 
dd»t vdt 1 1 a 282 
t d< gaprl qq 243 
khl vl n gaatgadgf p 276 



316 
337 
304 
340 
308 
334 



Figure 3 Sequence alignment of the extracellular portion of the IL1R with the 
extracellular portions of 5 homologous proteins, IL1R, type-l IL-1 receptor ILlS, 
cype-ll IL-1 receptor: IL1RR, IL-l -receptor-related protein; AcP, IL-Weceptor 
accessory protein; ST2, ST2 protein: FGR4, fibroblast growth factor receptor 4. 
The cysteines and tryptophans that are conserved in most immunoglobulin folds 
are indicated in dark blue. Also highlighted are the prolines immediately following 



conserved cysteins, which appear to be conserved in the particular immunoglo- 
bulin fold of IL-1 domains 1 and 2. Highlighted in green are 5 conserved cysteine 
pairs which, based on the IL_1 R structure, are likely to form disulphide bonds. 
Other highly conserved residues are indicated in blue. Conserved glutamic acids 
and threonines, which are probably involved in a hydrogen bond between 
domains 1 and 2. are indicated in red. 



9jp-Gln3.6- 
' Tyr34 



•. - . > * : Crn20 
... Trp16 / • -j t 



mm 




figure 4 Space-filling model of bound IL1 RA. Residues shown by mutagenesis to 
be important for receptor interaction 3 are in red. other residues that are buried by 
the receptor are in blue, and those that do not interact with the receptor are in 
yellow. The five residues defined by site-directed mutagenesis are right in the 
centre of the area that is buried by the receptor in the crystal structure. However, 
the contact area defined by the mutagenesis studies is only 29% of the area 
defined by the crystal structure, suggesting that many of the contacting residues 
contribute less significantly to the overall binding energy. 



figure 5 Comparison of the ILlR (left) and HGHR (right) complexes. IL1RA is 
shown in yellow, IL1R in green. HGH in red and the two HGHR molecules in blue 
and magenta. The two receptors use opposite faces of the immunoglobulin 
domains to bind their ligands. 



NATURE! VOL 3861 13 MARCH 1997 



197 



letters to nature 



salt link (Lys 1 1R and Glu 43A are linked through a water molecule). 
Some oppositely charged side chains (Lys 129R-Glu 126A, 
Lys295R-Glu52A, Lys 295R-Glu 90A) are less than about 8 A 
apart, but do not seem to make any direct interactions. It may be 
that for these residue pairs, the gain in electrostatic energy is offset 
by a loss of entropy. This idea is supported by a mutagenesis study 
that shows that one of the salt links in the crystal structure of human 
growth hormone complexed to its receptor 10 contributes little, if 
anything, to the overall binding energy, an effect the authors ascribe 
to entropy loss. 

We observe only two side-chain-side-chain hydrogen bonds 
between the receptor and the antagonist. Most of the hydrogen 
bonds between antagonist and receptor involve main -chain carbo- 
nyl or nitrogen atoms (Table 2). Of special interest are the double 
hydrogen bonds made by Gin 20, Gin 36 and Asn 39 of the antago- 
nist with the backbone of the receptor, which suggests that these 
residues may contribute significantly to the overall binding. The 
potential advantages of using main-chain atoms for receptor- 
ligand interactions are twofold: the main chain is usually more 
rigid than the side chains so that the entropy loss for the main chain 
will be less than for side chains; and interactions involving main- 
chain atoms depend less on the sequence and more on the overall 
folding than interactions between side chains, which may explain 
how the IL1R is able to bind its three natural ligands, IL-la, IL-ip 
and IL IRA with high affinity, despite the low sequence identity (20- 
25%) between them. 

The crystal structure of the receptor complex fully explains the 
published mutagenesis studies. IL1RA residues Trp 16, Gin 20, 
Tyr34, Gin 36 and Tyr 147, identified as critical for antagonist 
binding 3 , are all in direct contact with the receptor (Table 2; Fig. 
4). The same residues (Tyr, Trp, Gin) are present in the YWQPWA 
consesus sequence, identified by affinity screening using phage 



display peptide libraries 11 . The indole side chain of Trp 16 is 
completely buried by the receptor and makes a hydrogen bond 
with the carbonyl oxygen of Lys 1 1 1. The side chain of Gin 20 makes 
two hydrogen bonds with the receptor backbone. The side chain of 
Tyr 34 makes no direct contacts of less than 3.5 A with the receptor. 
It does face a hydrophobic region on the receptor surface, consisting 
of the side chains of Phe 108, Val 121, Pro 123 and Tyr 124. The side 
chain of Tyr 34 is tightly fixed in position by a hydrogen bond with 
the carbonyl oxygen of Asn 19 and its carbonyl oxygen makes a 
hydrogen bond with the hydroxyl group of Tyr 124. The Gin 36 side 
chain is found in a pocket between receptor domains 1 and 2 and 
makes three hydrogen bonds with the receptor backbone. These 
hydrogen bonds and the restricted pocket clearly explain the large 
loss of binding affinity associated with the Gin 36 — ► Phe mutation. 
Finally, the hydroxyl of the critical Tyr 147 binds to a network of two 
fixed water molecules on top of loop be of receptor domain 2. 

The binding of IL1RA in the IL1R complex is fundamentally 
different from the binding of ligands in the cytokine-receptor 
complexes whose three-dimensional structures are known. In the 
tumour necrosis factor-3 (TNF-0) complex 12 , three elongated 
receptor molecules are bound to the ligand and the receptor 
domains do not possess an immunoglobulin fold. In the receptor 
complexes with human growth hormone (HGHR 13 ), interferon-7 
(IFN7R 14 ) and erythropoietin peptide (EPOR 15 ), the ligand binds to 
the outside of the elbow between two immunoglobulin -like 
domains of the fibronectin type and is sandwiched between two 
receptor molecules (Fig. 5). In the 1L1RA complex, the receptor has 
three immunoglobulin-like domains and the ligand binds to the 
inside of the elbow formed by domains 1 and 2. 

Another way in which the IL1R differs from HGHR, IFN-yR and 
many other proteins with immunoglobulin-like domains is in the 
interactions between its domains. Most immunoglobulin-like 




Domain 1 ... Domain 2 




IL1RA 

(90° rotated) 



Domain 3 



Figure 6 Model obtained after superimposing IL-ip onto ILlRA in the complex. IL- 
ip is indicated in magenta and the receptor in green. After this superposition, a 
region of positively charged residues (Arg 4, Lys 92. Lys 93 and Lys 94) in IL-1 p is at 
a distance of -15A from a region of negatively charged residues (Asp248, 
Glu 249, Asp 251, Glu 256 and Asp 257) in domain 3 of ILlR but do not directly 
interact with them. Modelling studies (not shown) suggest that upon movement of 
ILl R domain 3, these two regions interact directly. A definitive answer must come 
from the crystal structure of the ILlR-ILIp complex. 



Figure 7 Solvent-accessible surface of the IL1R, coloured according to the 
electrostatic potential using GRASP 30 . The contours run form - 5K 9 T (red) to 
+5K S T (blue), where K a is the Boltzmann constant and T the absolute tempera- 
ture. The IL1RA molecule is peeled off and rotated by 90° to show the receptor- 
binding region. 
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domains are connected by relativel^fiort linkers which allow 
flexibility while maintaining contact between the domains. 
Domains 1 and 2 of IL1R are close together and have tight and 
extensive contacts. The upper halves of strands fl and g2 (Fig. 2) in 
particular have more contacts with domain 1 than with domain 2 to 
which they belong. The centres of mass of domains 1 and 2 are ~S A 
closer in IL1R than they are in HGHR. Judging from the crystal 
structure, it seems unlikely that domains I and 2 are able to move 
with respect to each other, suggesting that domains I and 2 could 
behave as a single module. The connection between domains 2 and 
3, on the other hand, is a long and flexible linker with no direct 
contacts between the domains. We would therefore expect that 
domain 3 is able to move with respect to domains 1 and 2 when no 
ligand is present. 

An IL-l-receptor-Iike protein, the IL1R accessory protein, maybe 
involved in the IL- 1 response 16 . Association of this accessory protein 
with the complex of the IL1R with the agonists IL-la or IL-lp is 
believed to trigger the receptor response. The accessory protein 
might need binding sites both on the IL 1 R and on the agonists IL-la 
or IL-ip, or alternatively, the agonists may induce a conformational 
change in the receptor which allows binding of the accessory 
protein. 

We investigated these possibilities by constructing a preliminary 
model of IL-ip bound to the receptor, in which the structure of IL- 
1P 17 was superimposed onto IL1RA in the complex by means of a 
procedure described before 5 . We compared this model of the 
complex with the extensive mutagenesis data available for IL-10 5 . 
Some IL-ip residues that are important for binding (Arg 1 1, His 30, 
Asn 108 and Glul28) are all close to the receptor after super- 
imposition and face receptor domains 1 and 2, indicating that 
similar regions on the surface of IL-lp and ILlRA may interact with 
receptor domains 1 and 2. 

The situation is quite different for residues facing domain 3. 
Whereas Lys 92 and Lys 94 are part of the proposed receptor trigger 
site 2 , after superimposition they are facing the solvent and do not 
interact with the receptor. They are part of a highly positively 
charged region on IL-ip involving Arg 4, Lys 92, Lys 93 and Lys 94, 
about 15 A away from a region rich in negative charged on the 
receptor, involving Asp 248, Glu 249, Asp 251, Glu 256 and Asp 257 
(Fig. 6). Electrostatic calculations (Fig. 7) indicate that this negative 
patch, together with a negative patch on top of domain 1, are the 
strongest features on the relatively featureless electrostatic surface. 
The close complementarity of the positive and negative sites 
suggests that they might interact directly with each other. A rotation 
of domain 3 of —20° would bring the two sites together. The flexible 
linker between domains 2 and 3 allows such a rotation, which would 
make the conformation of the ILip-receptor complex more closed 
than that of the ILlRA- receptor complex, inducing binding of the 
accessory protein and hence activation of the receptor. Without a 
crystal structure of the ILip-receptor complex, however, we cannot 
exclude the possibility that the accessory protein will simply bind 
between the two charged regions. 

To test the importance of domain 3 for agonist and antagonist 
binding, we prepared a truncated receptor consisting only of 
domains I and 2. This truncated receptor binds IL-la and IL-ip 
with low affinity (dissociation constant (K^) values of 7llM and 
> 10 u,M, respectively) whereas it binds ILlRA with high affinity (/Q 
28 nM). This shows that agonists, but not antagonists, need domain 
3 for high-affinity binding and suggests that domain 3 strongly 
interacts with IL- 1 agonists. 

Residue 145 (Asp in IL-ip, Lys in ILlRA), which is crucial in 
determining agonist or antagonist activity 16 , does not interact 
directly with the receptor, either in the iLIRA complex or in 
our model of the IL-ip complex (Fig. 6), suggesting that this 
residue might be important for interaction with the accessory 
protein. 

The structure presented here illustrates in detail a new binding 
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mode for cytokine rotors and provides insight into the possible 
differences between agonist and antagonist interaction. □ 

Methods 

Equipment and crystals. The ILlR-antagonist complex was crystallized as 
described 4 . Native and heavy-atom data were recorded with a Siemens X1000 
area detector, mounted on a Siemens rotating-anode generator equipped with a 
copper anode and graphite mo no chroma tor. operating at 50 kV and 90 mA. 
The crystals had dimensions of -0.2 X 0.3 X 0.5 mm* and one crystal was 
used per data set. Data were processed using XDS software". The space group 
was P2,2,2 t , with a = 47.2 A, b = 84.6 A and c = 140.2 A. 
Structure solution. The structure was solved with a combination of molecular 
replacement and heavy-atom derivatives. For molecular replacement, we used 
the AMoRe package* and data between 1 5.0 and 4.0 A. The structure of the free 
ILIRA as solved by us 5 gave clear solution with a correlation of 25.8% 
(R factor = 51.3%). We tried structures of various protein domains with 
immunoglobulin folds but most of them did not produce any dear signal, 
probably because these models were too different from the receptor domains 
and because one receptor domain represents only a small fraction of the total 
contents of the asymmetric unit of the crystals. A truncated model of the first 
CD4 domain : \ however, gave a correlation of 29.2% in combination with the 
'LIRA model (R factor 50.3%). The maps, based on this partial model, were not 
readily interpretable and it was therefore decided to search for heavy-atom 
derivatives. We obtained two independent heavy-atom derivatives and one 
double derivative. Scaling of heavy-atom derivative data, calculation of 
Pattersons and refinement of heavy-atom parameters were done by using 
programs from the CCP4 suite 22 . Heavy-atom positions were located in 
difference Patterson maps and the parameters were refined with HEAVY 23 . 
Phases were calculated with MLPHARE*. Cross -difference Fouriers were used 
to define a common origin and to confirm the sites. Difference fouriers using 
phases from the partial model, obtained by molecular replacement, did not 
reproduce the sites, indicating that the model phases were rather poor. This is 
most probably caused by the large fraction of the diffracting matter (two 
receptor domains), which is missing in the partial model. However, phased 
translation functions 25 using phases from the partial model and single iso- 
morphous replacement (SIR) phases calculated with the Hg(CN), and K 2 PtCl 4 
derivatives, defined a common origin and indicated the correct hand for the 
heavy-atom solution. The MIR map, calculated with three derivatives, was 
improved by solvent flattening and histogram matching using SQUASH 2 *. Map 
interpretation and model building were done using the program 0 2 \ The 
model of ILIRA needed only minor rebuilding, but the model of the truncated 
CD4 domain needed major rebuilding to become an IL1R domain; two 
additional receptor domains had to be built from scratch. The structure was 
refined by simulated annealing and energy minimization using X-PLOR 2 ". The 
final model contains residues 7-151 of the ILIRA and residues I -3 1 1 of the 
IL1R. 

Binding studies. Truncated receptors were expressed on the surface of CHO 
cells and radiolabeled peptides were used for competitive binding". 
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ERRATUM 



Viable offspring derived from 
fetal and adult mammalian 
cells 

I. Wilmut, A. E. Schnieke, J. McWhir. A. J. Kind 
& K. H. S. Campbell 

Nature 385, 810-813 (1997). 
In this Letter in the 27 February issue," a "prod^ 
image for part b of Fig. I (fetal fibroblasts) being used twice, as parts 
b and c. The correct image for Fig. lc (mammary-derived cells) is 
shown below, and is also on the Nature web site and in reprints. 
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